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Abstract
Transmissible gastroenteritis virus (TGEV) genome contains three accessory genes: 3a, 3b and 7. Gene 7 is only present in
members of coronavirus genus a1, and encodes a hydrophobic protein of 78 aa. To study gene 7 function, a recombinant
TGEV virus lacking gene 7 was engineered (rTGEV-D7). Both the mutant and the parental (rTGEV-wt) viruses showed the
same growth and viral RNA accumulation kinetics in tissue cultures. Nevertheless, cells infected with rTGEV-D7 virus showed
an increased cytopathic effect caused by an enhanced apoptosis mediated by caspase activation. Macromolecular synthesis
analysis showed that rTGEV-D7 virus infection led to host translational shut-off and increased cellular RNA degradation
compared with rTGEV-wt infection. An increase of eukaryotic translation initiation factor 2 (eIF2a) phosphorylation and an
enhanced nuclease, most likely RNase L, activity were observed in rTGEV-D7 virus infected cells. These results suggested
that the removal of gene 7 promoted an intensified dsRNA-activated host antiviral response. In protein 7 a conserved
sequence motif that potentially mediates binding to protein phosphatase 1 catalytic subunit (PP1c), a key regulator of the
cell antiviral defenses, was identified. We postulated that TGEV protein 7 may counteract host antiviral response by its
association with PP1c. In fact, pull-down assays demonstrated the interaction between TGEV protein 7, but not a protein 7
mutant lacking PP1c binding motif, with PP1. Moreover, the interaction between protein 7 and PP1 was required, during the
infection, for eIF2a dephosphorylation and inhibition of cell RNA degradation. Inoculation of newborn piglets with rTGEV-
D7 and rTGEV-wt viruses showed that rTGEV-D7 virus presented accelerated growth kinetics and pathology compared with
the parental virus. Overall, the results indicated that gene 7 counteracted host cell defenses, and modified TGEV persistence
increasing TGEV survival. Therefore, the acquisition of gene 7 by the TGEV genome most likely has provided a selective
advantage to the virus.
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Introduction
The order Nidovirales comprises enveloped single-stranded,
positive-sense RNA viruses. The Nidovirales includes the Coronavir-
idae that contains viruses with the largest known RNA genome, of
around 30 Kb [1,2]. Coronaviruses (CoVs) have been classified
into 3 genera, a, b and c {de Groot, 2010 #9759}. They are the
causative agents of a variety of human and animal diseases. In
humans, CoVs produce respiratory tract infections, causing from
the common cold to severe pneumonia and acute respiratory
distress syndrome (ARDS) that may result in death [3,4,5]. In
animals, CoVs also cause life-threatening diseases, such as severe
enteric and respiratory tract infections, and are economically
important pathogens [6]. Nevertheless, there is limited informa-
tion about the molecular mechanisms governing CoV virulence
and pathogenesis.
Double-stranded RNA (dsRNA), produced by RNA viruses as a
replication intermediate, is the pathogen-associated molecular
pattern that mediates the activation of a well-characterized
antiviral mechanism leading to viral protein synthesis shut down
[7]. This pathway includes the activation of double-stranded
RNA-dependent protein kinase (PKR), leading to eukaryotic
translation initiation factor 2 (eIF2a) phosphorylation, and the
activation of the 29-59-oligoadenylate synthetase (29-59OAS) and
its effector enzyme, the ribonuclease L (RNase L), responsible for
RNA degradation [8,9,10,11,12]. Due to the deleterious effects of
this response on virus survival, many viruses have developed
different strategies that counteract the host antiviral response
triggered by the dsRNA. These mechanisms are mediated by viral
proteins or RNAs [13,14,15,16,17,18,19,20,21,22], or by the
modification of cellular components [23,24,25,26,27].
CoV replication occurs in the cytoplasm, leading to dsRNA
species that trigger the host antiviral response. To overcome these
defenses, CoVs have developed several strategies. A general
mechanism for all CoVs is the induction of structures in infected
cells that may hide viral RNAs from the cellular sensors [28,29].
Some CoVs downregulate host gene expression. In fact, it has
been proposed that genus b CoV non structural protein (nsp)1
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.  Sprotein promotes host mRNA degradation in order to suppress
host innate immune response [30,31]. Severe acute respiratory
syndrome (SARS)-CoV nsp1 has also been involved in the
inhibition of the 40S ribosomal subunit translational activity
[30]. Moreover, several CoVs may also prevent the translational
shutoff due to the antiviral response, using viral components or
modulating cellular factors. Infectious bronchitis virus (IBV) nsp2
acts as a PKR antagonist [32], and MHV N protein antagonizes
29-59 OAS activity [33]. IBV also induces the over-expression of
growth arrest DNA-damage 34 (GADD34) protein, which
participates in eIF2a dephosphorylation [32].
The 59 two thirds of CoV genome encode the replicase proteins
that are expressed from two overlapping open reading frames
(ORFs) 1a and 1b [34]. The 39 one third of the genome contains
the genes encoding structural proteins and a set of accessory genes,
whose sequence and number differ between the different species of
CoV [1,35]. Traditionally, CoV accessory genes have been related
to virulence modulation, such as mouse hepatitis virus (MHV)
gene 5a that determines the interferon (IFN) resistance of the
different MHV strains [36]. SARS-CoV contains the largest
number of accessory genes and it has been proposed that these
genes could be responsible for its high virulence [37,38]. The role
of some structural genes, such as SARS-CoV genes E and 6, on
CoV pathogenesis has been demonstrated [39,40,41,42]. Never-
theless, the role of other SARS-CoV accessory genes in virus
replication and pathogenesis is still under study, as SARS-CoV
mutants lacking different combinations of these genes revealed
that they had limited impact on virus replication and pathogenesis
[37,38].
TGEV is a genus a1 CoV that contains three accessory genes:
3a, 3b and 7 [43,44,45]. The deletion of gene cluster 3ab
demonstrated that these genes were not essential for in vitro and in
vivo viral replication [45]. TGEV gene 7 is located at the 39end of
the genome, being the last ORF. In general, ORFs located in CoV
genomes downstream of nucleocapsid (N) gene have been named
as gene 7. And, one to three genes, 7a, 7b and 7c, have been
described for several CoVs of genus a, b4 and c3 at the end of
their genomes [35,46,47] [48]. Nevertheless, most of these genes
are not related to each other (J.L.G. Cruz, S. Zun ˜iga and L.
Enjuanes, unpublished observations). In fact, new genes located in
avian CoVs genomes after the N gene have been named
differently as they showed no sequence homology to any other
CoV genes [49]. TGEV protein 7 is similar to protein 7a of CoV
genus a1, with a 72% homology to feline infectious peritonitis
virus (FIPV), canine (CCoV) and porcine respiratory (PRCV)
CoVs 7a proteins (Figure 1A) [50,51]. The function of protein 7
has not been identified, and it has been proposed that it could play
a role in virulence [52,53]. The 7ab cluster deletion in FIPV
(FIPV-D7ab) resulted in virus attenuation [54]. Nevertheless, the
specific role that gene 7a plays in attenuation is not clear, as FIPV-
D7ab phenotype was similar to the one observed for a FIPV isolate
lacking only gene 7b [55].
To study gene 7 function, a recombinant TGEV virus missing
gene 7 was engineered. This deletion mutant virus induced an
intensified host antiviral response, including enhanced nuclease
activity and eIF2a phosphorylation, leading to an increase in cell
death by apoptosis. The interaction of TGEV protein 7 with PP1c
was also demonstrated. Inoculation of piglets with gene 7 deletion
mutant and wild-type viruses showed that virus missing gene 7
produced accelerated growth kinetics and pathology compared
with that caused by the parental virus. Overall, these results
indicate that TGEV gene 7 is a virulence gene that modulates host
cell defenses and extends the period of virus dissemination.
Results
Generation of recombinant TGEV virus (rTGEV) lacking
gene 7
TGEV ORF 7 encodes a 78 amino acid hydrophobic protein.
The structure predicted for protein 7 contains two transmembrane
domains (TM) at the amino- (aa 1–18) and carboxy-termini (aa
60–78), of the protein. The N-terminal TM domain overlaps with
a signal peptide (aa 1–24) (Figure 1A). The predicted membrane
topology locates the middle part of the protein towards the lumen
of a membrane structure (Figure 1A). During TGEV infection,
protein 7 was detected associated to the endoplasmatic reticulum
(ER) and plasma membranes [56].
To study the role of protein 7 during TGEV infection, an
rTGEV virus lacking gene 7 (rTGEV-D7) was engineered
(Figure 1B) [57]. To avoid gene 7 expression, several modifications
that led to an inactive ORF7 transcription regulating core
sequence (CS) were introduced (Figure 1B, left panel). The two
first nts of protein 7 translation start codon were also removed
(Figure 1B, left panel). These mutations introduced into the
TGEV infectious cDNA, were predicted to knock down gene 7
expression with minimum alteration to the 39end of the viral
genome, which is required for viral replication [58,59]. All the
mutations introduced in the cDNA were present in the recovered
rTGEV-D7 virus, after 6 passages in tissue culture of a plaque-
purified virus, indicating that they were stably maintained in the
rTGEV genome. The absence of subgenomic mRNA-7 in
rTGEV-D7 infected cells was confirmed by Northern-blot
(Figure 1B, right panel). Viral titer and genomic RNA (gRNA)
levels were analyzed. Intracellular RNA was only analyzed during
those times post infection in which viable cells were bound to the
plate (up to 24 hpi). Both mutant and parental viruses showed the
same virus growth kinetics and gRNA accumulation (Figure 1C).
The rTGEV-D7 virus titer decreased after 24 hours post infection
(hpi) due to the absence of live cells. This result was expected,
rTGEV-D7 virus titer decreased at a ratio of 1 log unit per day due
to thermal instability and to the absence of viable cells, at this time
Author Summary
Innate immune response is the first line of antiviral
defense. Viruses have developed diverse strategies to
evade this deleterious response, ensuring their survival.
Several CoV accessory genes play a central role in these
pathways. Nevertheless, the molecular mechanisms by
which they exert their function are still unknown. The
generation of a rTGEV without gene 7 expression allowed
us to study the role of protein 7 in the modulation of the
antiviral response. The absence of protein 7 during TGEV
infection caused an enhanced apoptosis and a transla-
tional shutoff, due to an increased cellular RNA degrada-
tion and eIF2a phosphorylation. We identified a protein
phosphatase 1 (PP1) binding motif in protein 7, and a
TGEV protein 7-PP1 interaction was demonstrated. We
propose a novel mechanism to counteract dsRNA-induced
antiviral response by RNA viruses. In vitro results were in
agreement with the enhanced virulence of the gene 7
deletion mutant virus in infected piglets. Our results
demonstrated that protein 7 modifies TGEV virulence,
reducing virus pathology and increasing the period of
virus shedding. This effect also benefits the host decreas-
ing clinical disease and extending its survival. These
observations could justify the incorporation and mainte-
nance of gene 7 to genus a1 CoVs during their evolution.
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PLoS Pathogens | www.plospathogens.org 2 June 2011 | Volume 7 | Issue 6 | e1002090Figure 1. Generation of a recombinant TGEV virus lacking protein 7 expression (rTGEV-D7). (A) Genus a1 CoV protein 7a sequence
alignment, using T-COFFEE [135]. Protein 7a sequences from the canine (CCoV) and porcine respiratory (PRCV) CoVs, transmissible gastroenteritis
(TGEV) and feline infectious peritonitis (FIPV) viruses were used. GenBank accession numbers are ADB28914.1, ABG89313.1, CAA80842.1, and
CAA62190.1, respectively. In silico prediction of TGEV protein 7 domains is represented. Transmembrane domains (TM) are in green [PredictProtein,
[136]], the signal peptide in blue [Signal P3.0 Server, [137]], and a conserved phosphorilable Serine in red (S-Phos) [NetPhos 2.0 Server, [138]]. The
predicted topology of TGEV protein 7 is also represented in lower panel [PSORTII [139]]. Signal peptide cleavage is indicated by a red arrowhead. S-
Phos is indicated by a red star. (B) Mutations introduced to generate a rTGEV-D7 virus, right panel. The scheme of TGEV gRNA is shown in the upper
part. The white letters represent the CS. Nucleotide change is indicated with a blue square, and the deletion (D) as a white square. Northern blot of
subgenomic mRNAs (sgmRNAs) produced during rTGEV infections, right panel. ST cells were infected with rTGEV-wt (wt) and rTGEV-D7( D7) viruses,
at a moi of 5. Total RNA was extracted at 8 hpi. The sgmRNAs for the spike (S), 3a, envelope (E), membrane (M), nucleocapsid (N) proteins, and protein
7 were detected. (C) In vitro growth kinetics of the rTGEV viruses. ST cells were infected with the rTGEV-wt (wt, blue) and rTGEV-D7( D7, red) viruses, at
a moi of 5. Culture medium and total intracellular RNA were collected at different hours post infection. Intracellular RNA was only analyzed during
those hours post infection in which viable cells were bound to the plate. Viral titers (left panel), and genomic RNA (gRNA) amounts (right panel),
determined by RT-qPCR, were analyzed. Error bars represent the standard deviation from three independent experiments.
doi:10.1371/journal.ppat.1002090.g001
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confirmed that protein 7 was not essential for TGEV replication in
cell culture.
Cell death caused by rTGEV-D7 infection
The cytopathic effect (CPE), characterized by the rounding and
detachment of the cells, induced by rTGEV-D7 virus was similar
to that caused by the wild-type (rTGEV-wt) virus. Nevertheless, 2-
fold larger plaques were produced by rTGEV-D7( 4 m m
diameter), compared with those caused by the parental virus
(2 mm diameter) (data not shown). Accordingly, in rTGEV-D7
infected cells the infectious foci were larger than those observed in
rTGEV-wt infected ones at 16 hpi (Figure 2A, left panels). This
increased CPE progressed until almost no viable cells remained in
the rTGEV-D7 infection at 24 hpi (Figure 2A, right panels). The
cell death induced by the rTGEV-D7 virus was analyzed by
permeabilization, propidium iodide (PI) staining and flow
cytometry (Figure 2B). This technique distinguishes dying or
subdiploid cells from normal cells that emit a high PI fluorescence
signal [61,62]. As expected, the wild-type virus induced cell death
and DNA degradation during the infection (Figure 2B) [63].
Interestingly, rTGEV-D7 caused a significant increase in cell death
compared with that caused by rTGEV-wt infection (Figure 2B).
Apoptosis induced by rTGEV-D7 virus
The main cause of the cytopathic effect induced by TGEV
infection is apoptosis programmed cell death [63,64,65]. To
analyze whether the increased cell death during rTGEV-D7
infection was due to an enhanced apoptosis, cells infected either
with rTGEV-wt or rTGEV-D7 were simultaneously stained with
PI and Annexin V, and monitored by flow cytometry. Mock
infected cells remained viable (Annexin V
2,P I
2) throughout the
experiment, indicating that the treatment did not induce apoptosis
by itself (Figure 3A). As expected, the wild-type virus infection
induced apoptosis (Annexin V
+), and a cell population in late
apoptosis (Annexin V
+,P I
+) was evident at 12 hpi (Figure 3A).
Mutant rTGEV-D7 also triggered apoptosis but faster and
stronger than that caused by the rTGEV-wt virus, with a 2-fold
increase in apoptotic cells at 8 hpi and only 36% live cells at 12 hpi
(Figure 3A).
It has previously been reported that TGEV virus induces
apoptosis following a caspase dependent pathway that involves the
processing of two initiator proteases (caspase 8 and 9), as well as
three downstream effector caspases (caspase 3, 6 and 7) [64,65].
Caspase 3 activation leads to TGEV N protein cleavage [64], and
inhibition of caspase 3 processing, among others caspases, prevents
TGEV induced apoptosis [63]. To determine the potential
influence of gene 7 on caspase dependent apoptosis, the presence
of the processed form of caspase 3 was analyzed by Western-blot
using specific antibodies. TGEV infection induced the cleavage of
caspase 3 (Figure 3B) and, as a consequence, cleaved N protein
was also detected (data not shown), as expected [64]. Moreover,
the rTGEV-D7 triggered caspase 3 processing faster than the wild-
type virus. These results indicated that the increased CPE
observed in rTGEV-D7 infected cells was most likely due to an
enhanced apoptosis mediated by caspase activation.
Effect of gene 7 deletion on macromolecular synthesis
CoVs such as MHV or SARS-CoV, cause translational shutoff
and lead to apoptosis increase [30,66,67,68,69,70,71]. To
determine whether this was also the case for TGEV-D7 virus, de
novo protein synthesis during the infection was evaluated by
metabolic labeling. No translational stall was detected during
rTGEV-wt infection (Figure 4A), as described for other CoVs such
as IBV and bovine coronavirus (BCoV), or MHV at early times
post infection [32,33,72]. In contrast, rTGEV-D7 infection
inhibited host translational machinery, an effect detected from
10 hpi. This translational stop affected both cellular and viral
protein synthesis (Figure 4A). CoVs produce viral mRNAs that are
structurally similar to those produced by their host (59 CAP-
structure and poly A at the 39end), allowing CoVs to parasitize the
host translational machinery. In some CoVs, such as MHV,
selective viral protein synthesis occurs concomitantly with host
translational inhibition, using a mechanism not fully characterized
[73,74]. To study the mechanism responsible for protein synthesis
reduction in TGEV-D7 infection, and to analyze whether viral
mRNAs were preferentially translated, the amount of radiolabeled
N protein, taken as reference for viral protein synthesis, was
related to the total amount of protein (viral plus cellular) per well
(Figure 4B). The ratio of viral to total protein synthesis showed no
significant differences between rTGEV-wt and rTGEV-D7
infected cells (Figure 4B). In addition, no differences in viral
proteins accumulation were observed at this times post infection
(data not shown). These results suggested that protein synthesis at
early times post infection was responsible for the virus that was still
being produced after translational shutoff. This result suggested
that the absence of protein 7 during TGEV infection led to protein
synthesis inhibition most likely by inhibiting a cell translation step
common to cellular and viral protein synthesis.
In principle, RNA decay could be responsible for the observed
translational shutoff. Therefore, total cellular RNA integrity was
evaluated using a Bioanalyzer [75,76,77]. Wild-type virus infection
induced a modest RNA processing, especially at 24 hpi (Figure 5A).
In contrast, rTGEV-D7 infection induced a faster and stronger
cellular RNA degradation (Figure 5A). This data indicated that the
cellular translational shutoff could be due, at least in part, to
cellular mRNA degradation. Moreover, the increase in 28S rRNA
degradation (Figure 5B), could affect both cellular and viral
protein synthesis [78]. Nucleases activated by cell apoptosis could
be responsible for the observed RNA degradation [79]. To study
whether this was the case, we took advantage of the previous
description of the inhibition of TGEV induced apoptosis by the
addition of caspases inhibitor ZVAD, without affecting virus
production [63]. In fact, after infection of ST cells with wt or
rTGEV-D7 viruses in the presence of ZVAD, no CPE was
observed. Total RNA was extracted from non-treated or ZVAD-
treated cells, and the same RNA degradation patterns were
observed in both cases (Figure 5C), indicating that the increased
RNA degradation caused by rTGEV-D7 virus was independent of
nucleases activated by cell apoptosis. To determine whether the
observed cellular RNA cleavage was due to a dsRNA induced
antiviral response, ST cells were treated with polyinosinic-
polycytidylic acid [Poly(I:C)], which is a potent activator of this
type of response [77,80,81]. Cells transfected with Poly(I:C)
showed the same RNA degradation pattern as those infected with
the rTGEV-D7 and parental viruses (Figure 5D), in contrast to
mock treated cells. These results suggested that the cellular RNA
cleavage increase, during rTGEV-D7 infection, was due to an
enhancement of dsRNA induced antiviral activity. In general, the
main effector of this process is RNase L [81,82,83]. To further
analyze the relevance of this nuclease during TGEV infection, a
recombinant vaccinia virus (VV) system was used. It was
previously described that VV does not induce strong RNA
degradation, due to the presence of viral genes that inhibit the
RNase L system. To efficiently trigger dsRNA activated RNA
degradation by RNase L, cells must be infected by VV expressing
29-59 OAS and RNase L [84]. Taking advantage of the wide host
range of VV, porcine ST cells were infected with VV, or VVs
Role of Gene 7 on Host Antiviral Response
PLoS Pathogens | www.plospathogens.org 4 June 2011 | Volume 7 | Issue 6 | e1002090Figure 2. Cell death caused by rTGEV-D7. (A) ST cells were infected with rTGEV-wt and rTGEV-D7( D7) viruses. The cytophatic effect induced by
both viruses was analyzed by optical microscopy, at 12, 16 and 24 hpi. Images were taken with a 40x objective. (B) Quantification of cell death
induced by rTGEV viruses. ST cells were infected with rTGEV-wt (wt) and rTGEV-D7( D7) viruses. Cells were collected at 4, 8, 10, 12 and 16 hpi,
permeabilized, and stained with propidium iodide. Dead cell population was measured by flow cytometry. Error bars indicate the standard deviation
from three independent experiments. **, p-value,0.01.
doi:10.1371/journal.ppat.1002090.g002
Role of Gene 7 on Host Antiviral Response
PLoS Pathogens | www.plospathogens.org 5 June 2011 | Volume 7 | Issue 6 | e1002090Figure 3. Apoptosis caused by rTGEV-D7. (A) Apoptosis levels in mock, rTGEV-wt (wt) and rTGEV-D7( D7) infected cells were evaluated at 4, 8
and 12 hpi, by flow cytometry. Annexin V-PI double staining was performed to differentiate cells in early apoptosis (Annexin V
+,P I
2) from those in
late apoptosis (Annexin V
+,P I
+) stages. (B) Detection of active caspase 3 by Western-blot. Total protein was extracted from ST cells infected with
rTGEV-wt (wt) and rTGEV-D7( D7) viruses, at the indicated times post infection. Active caspase 3 was detected using specific antibodies for the cleaved
form. b-actin was detected as a loading control.
doi:10.1371/journal.ppat.1002090.g003
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PLoS Pathogens | www.plospathogens.org 6 June 2011 | Volume 7 | Issue 6 | e1002090Figure 4. De novo protein synthesis in rTGEV infections. (A) At the indicated times post infection, ST cells were infected at a moi of 1 with
rTGEV-wt (wt) and rTGEV-D7( D7) viruses. Cells were labeled with
35S Met-Cys for 30 min. Protein extracts were obtained and SDS-PAGE
electrophoresis was performed to detect labeled proteins. Viral spike (S), nucleocapsid (N), and membrane (M) proteins are indicated. Densitometric
Role of Gene 7 on Host Antiviral Response
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very slight RNA degradation, that was increased by the co-
expression of 29-59 OAS and RNase L (Figure 5D). Moreover, the
RNA degradation pattern produced by the expression of RNase L
system was identical to the one observed after rTGEV-D7
infection, strongly suggesting that RNaseL is the main nuclease
involved in the increased RNA degradation after rTGEV-D7
infection.
The activation of RNase L requires its binding to small 59-
triphosphorylated,29-59-oligoadenylates (29-59A), generated by the
29-59A synthetase (29-59OAS) [10,11] (Figure 6A). In non-infected
cells 29-59OAS is expressed at background levels that are
significantly increased during some viral infections [85,86].
Therefore, 29-59OAS1 expression during infection by rTGEV-wt
and rTGEV-D7 was evaluated by quantitative RT-PCR (RT-
qPCR). TGEV-wt infection induced the expression of the 29-
59OAS1, as expected (Figure 6B) [87]. rTGEV-D7 infection also
activated this pathway. Nevertheless, the slight differences in 29-
59OAS1 gene expression between rTGEV-wt and rTGEV-D7
infections could not explain the enhanced nuclease activity
observed during mutant virus infection (Figure 6B), as 29-
59OAS1 mRNA level was even lower for rTGEV-D7 than for
rTGEV-wt virus (Figure 6B).
Viral mRNA levels were measured by RT-qPCR, as the ratio
between mRNA and gRNA amounts. No significant differences
were observed between rTGEV-D7 and rTGEV-wt viruses, for the
accumulation kinetics of both N and M protein mRNAs
(Figure 7A). Nevertheless, RT-qPCR evaluation did not rule out
whether viral rTGEV-D7 mRNAs could have been degraded, as
the cellular RNAs were. Therefore, viral RNA integrity was
evaluated by Northern blot assay. The total RNA amount loaded
from rTGEV-D7 infected cells was 1.5 to 2 fold higher than that
loaded from rTGEV-wt infected ones, in order to detect possible
degradation species. No degradation of viral mRNAs was detected
after infection by rTGEV-wt or rTGEV-D7 (Figure 7B), suggesting
that viral RNAs were not degraded by the increased nuclease
activity.
Effect of protein 7 absence on translation initiation
Several mechanisms may account for the observed translational
blockage. We have shown that the absence of protein 7 during
TGEV infection enhanced the degradation of cellular mRNAs and
ribosomal components. In addition, other factors could promote
translational stall. In fact, many viruses interact with translation
machinery components [88]. Eukaryotic initiation factor 4G
(eIF4G) is a well-characterized target of the TGEV-induced
apoptosis [64]. No difference was found in eIF4G processing at
different times post infection by wild-type or mutant viruses (data
not shown).
Protein synthesis is frequently reduced when cells are under
stress, such as that caused by virus infection, by increasing the
phosphorylation levels of the eIF2a subunit at serine 51 [89].
eIF2a phosphorylation, during rTGEV infection, was analyzed by
Western-blot using antibodies specific for the phosphorylated
(eIF2a-P) and total forms of this factor, respectively. Wild-type
infection increased eIF2a-P levels (Figure 8A), reaching a
maximum at 8 hpi (Figure 8B). As previously described, for other
stress conditions, eIF2a-P levels decreased at late times post-
infection [90,91]. Similarly, rTGEV-D7 infection also induced
eIF2a phosphorylation (Figure 8A) but to significantly higher
levels than those observed during rTGEV-wt infection (Figures 8A
and 8B). Interestingly, the highest difference was detected at 10
hpi, concomitantly with the time at which the mutant virus
induced the translational shutoff (Figure 8B). The increased eIF2a
phosphorylation was maintained, although at different levels, from
8hpi to 10 hpi, what could be sufficient to account for the
translational shutoff, according to previously published studies
[92,93]. Altogether, this result indicated that, besides cellular RNA
degradation, rTGEV-D7-induced translational shutoff is probably
due to an increased and sustained eIF2a phosphorylation.
Growth arrest DNA-damage 34 (GADD34) protein is induced
by cell stress, and its expression levels are upregulated on increased
eIF2a phosphorylation conditions [94]. Therefore, GADD34
mRNA levels could have been modified during rTGEV-D7
infection, and were quantified by RT-qPCR. Infection by
rTGEV-D7 virus induced significantly higher levels of GADD34
mRNA than the rTGEV-wt virus (Figure S1). This data correlated
with the previous results, as higher eIF2a-P levels, in mutant virus
infection, led to GADD34 increased expression.
Protein 7 provided in trans restored rTGEV-wt phenotype
To assess whether the absence of protein 7 during TGEV
infection was responsible for the observed phenotype, ST cells
stably expressing TGEV protein 7 (ST-HA-7) were generated. In
order to detect protein 7, a hemagglutinin (HA) tag was inserted
between the signal peptide and the rest of the protein (Figure 9A).
Protein 7 expression was confirmed by immunofluorescence and
Western-blot analysis (Figure 9B). Three ST-HA-7 cellular clones
(C1, C2 and C3), with different protein 7 expression levels were
selected (Figure 9B). The effect of protein 7 provided in trans on
apoptosis and cellular RNA degradation was analyzed. Infection of
ST cells by rTGEV-D7 caused a stronger apoptosis than the
rTGEV-wt virus, as previously observed (Figure 9C). Protein 7
provided in trans significantly reduced apoptosis both in rTGEV-
D7 infected cells and in rTGEV-wt infected ones (Figure 9C).
Moreover, infection of ST cells by rTGEV-D7 caused higher RNA
degradation than the rTGEV-wt virus, as previously described
(Figure 9D). The amount of protein 7 directly correlated with the
inhibition of RNA degradation, suggesting that protein 7
expression in trans prevented nuclease activation (Figure 9D).
Furthermore, GADD34 mRNA expression (Figure S2A) and
eIF2a phosphorylation levels (Figure S2B) were reduced by
protein 7 expression in trans. Altogether, these results demonstrated
that the specific phenotype of the rTGEV-D7 virus was due to
TGEV protein 7 absence, as it was reverted to the rTGEV-wt
phenotype, in a dose-dependent manner, by providing protein 7 in
trans.
Effect of protein 7 absence on the antiviral response
induced by dsRNA
The activation of an antiviral response pathway triggered by the
dsRNA produced during viral infections leads to eIF2a phosphor-
ylation that results in translational shutoff [10,95,96]. The dsRNA-
activated protein kinase (PKR) is a component of dsRNA induced
antiviral response. PKR dimerization, and subsequent activation
by autophosphorylation, is mediated by its binding to dsRNA [89].
analysis was performed to determine the levels of host protein synthesis. The boxes represent the region of the gel used for densitometry analysis,
and the numbers below represent the relative radioactivity compared with mock-infected cells. (B) Viral-to-cell protein synthesis ratio. The amount of
radiolabeled N protein, estimated by densitometry, was related to the estimated total amount of protein, at the indicated hpi. Error bars indicate the
standard deviation from three independent experiments. r.u., relative units.
doi:10.1371/journal.ppat.1002090.g004
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inhibition (Figure S3A) [9,12]. Infection by wild-type TGEV
induced PKR phosphorylation, with a maximum at 12 hpi (Figure
S3B). Nevertheless, no significant differences were observed
between rTGEV-wt and rTGEV-D7 virus infections, either in
PKR-phosphorylation levels or total PKR protein accumulation
(Figure S3B).
During viral infection, the accumulation of nascent or misfolded
proteins in the endoplasmic reticulum (ER) can trigger an ER
stress pathway, which could also lead to translational stall by eIF2a
phosphorylation (Figure S3A) [97]. PKR-like endoplasmic retic-
ulum kinase (PERK) is activated by ER stress, and could
participate in eIF2a phosphorylation during viral infection
[98,99]. Activation of PERK requires the prior activation of the
ER chaperone immunoglobulin heavy-chain binding protein (BiP),
a biomarker for the onset of the ER stress [100,101]. Similar levels
of BiP were observed in rTGEV-wt or in rTGEV-D7 infected cells
during infection (Figure S3B), suggesting that PERK would not be
differentially activated in the cells infected with the gene 7 deletion
mutant virus with respect to those infected with the parental virus.
These data strongly suggested that an increased kinase activity was
not responsible for the increased eIF2a phosphorylation during
rTGEV-D7 virus infection.
Interaction of protein 7 and PP1
The enhanced eIF2a phosphorylation observed during rTGEV-
D7 virus infection could be alternatively due to a decrease in the
phosphatase activity that counteracts the kinases function (Figure
S3A). Protein phosphatase 1 (PP1) is one of the major Ser/Thr
phosphatases, and is the main enzyme responsible of the eIF2a
dephosphorylation [32,94,102]. PP1 expression was evaluated by
Western-blot, and similar protein levels were detected in both
rTGEV-wt and rTGEV-D7 infected cells (Figure S3C).
The PP1 catalytic subunit (PP1c) can interact with more than 50
regulatory partners. The formation of these complexes determines
its substrate specificity, sub-cellular location and activity, allowing
PP1 to participate in numerous cellular functions [103,104].
Therefore, although a decrease in PP1 levels was not detected in
rTGEV-D7 infected cells, compared with rTGEV-wt infected
ones, protein 7 could modulate PP1 activity. To study this
possibility, the functional motifs of CoV genus a1 protein 7 were
analyzed using the ELM server [105,106]. A highly conserved
sequence at the C-terminus of the protein was identified as the
canonical PP1c-binding motif (Figure 10A). The consensus PP1c-
binding motif includes a short sequence (R/K)VxF, in which x is
any amino acid except those with large hydrophobic residues,
surrounded by non-polar residues (Figure 10B) [103]. Previous
Figure 6. Quantification of 29-59OAS expression during rTGEV infection. (A) Scheme of 29-59OAS/RNase L activation pathway. (B)
Quantification of porcine 29-59OAS mRNA accumulation during rTGEV-wt (blue) or rTGEV-D7 (red) infections, by RT-qPCR, at indicated time post
infection. r.u., relative units. Error bars indicate the standard deviation from three independent experiments.
doi:10.1371/journal.ppat.1002090.g006
Figure 5. Cellular RNA integrity. (A) Total RNA extracted from infected ST cells, at indicated times post infection, was analyzed using a
Bioanalyzer. The position of 28S and 18S rRNAs are indicated. (B) 28S rRNA integrity. Graph of 28S fluorescence intensity, as measured by Bioanalyzer,
in the RNA samples from ST cells infected with rTGEV-wt (blue) or rTGEV-D7 (red), collected at different times post infection. f.u., fluorescence units.
Error bars indicate the standard deviation from three independent experiments. *, p-value ,0.05. (C) ST cells were treated with caspase inhibitor
ZVAD, and infected. Total RNA was extracted and analyzed using a Bioanalyzer. (D) ST cells were transfected with Poly(I:C), and total RNA was
extracted 16 hours post transfection. ST cells were also infected with a vaccinia virus expressing T7 polymerase (T7), or with the vaccinia expressing
T7 polymerase, and two additional vaccinia viruses expressing 29-59 OAS and RNase L (RL+OAS). Total RNA was extracted 24 hpi. In all cases, cell RNA
integrity was analyzed using a Bioanalyzer.
doi:10.1371/journal.ppat.1002090.g005
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mediate PP1 binding, whereas the surrounding amino acids are
responsible for PP1 binding and allosteric modulation of the
enzyme activity [107,108,109]. This motif is also present in three
viral and several cell proteins, such as herpex simplex virus 1
c134.5, human papilomavirus E6 oncoprotein and African swine
fever virus DP71L, and mammalian GADD34 proteins
(Figure 10B). In all cases, these proteins bind PP1c and promote
Figure 7. Viral RNA integrity. (A) Quantification of viral N and M sg mRNAs accumulation during rTGEV-wt (blue) or rTGEV-D7 (red) infections by
RT-qPCR at indicated hpi. The ratio of sg mRNA to genomic RNA is represented. r.u., relative units. Error bars indicate the standard deviation from
three independent experiments. (B) Northern blot analysis of intracellular viral sg mRNAs. ST cells were infected with rTGEV-wt or rTGEV-D7 viruses.
Total RNA was extracted at indicated hours post infection and analyzed by Northern blot using a probe complementary to the 39 end of all sg mRNAs.
Total RNA amount loaded from rTGEV-D7 infected cells was 1.5 to 2 fold higher than that loaded from rTGEV-wt infected ones, in order to detect
possible degradation species. Viral mRNAs for the spike (S), 3a, envelope (E), membrane (M), nucleocapsid (N) proteins, and protein 7 are indicated on
the left.
doi:10.1371/journal.ppat.1002090.g007
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observed that both rTGEV-wt and rTGEV-D7 virus infections
trigger the cell antiviral response, leading to an increased eIF2a-P
level. We hypothesized that during rTGEV-wt infection protein 7
may interact through its PP1c-binding motif with the PP1
complex, promoting eIF2a dephosphorylation, leading to normal
protein synthesis (Figure 10C). In contrast, in rTGEV-D7
infection, the virus could not counteract the high eIF2a-P levels,
causing translational shutoff and cell damage (Figure 10C). TGEV
protein 7-PP1 interaction was evaluated using a pull-down assay
with ST-HA-7 cells extracts. Immunoprecipitation with anti-HA-
agarose followed by immunoblotting with anti-HA showed the
presence of protein 7 in both the ST-HA-7 input and
immunoprecipitated extracts, but not in ST cells extracts, as
expected (Figure 10D). Immunoblotting with anti-PP1 confirmed
that PP1c was pulled-down together with protein 7 (Figure 10D).
HA-tagged SARS-CoV E protein, which is also a small viral
membrane protein was used as a control bait for immunoprecip-
itation. The interaction between protein 7 and PP1 was specific, as
E protein did not co-immunoprecipitate PP1protein (Figure 10D).
Moreover, an HA-tagged protein 7 mutant, lacking PP1 binding
motif, did not co-immunoprecipitate PP1 protein. Altogether, this
results demonstrated TGEV protein 7-PP1 interaction. The
presence of eIF2a on the co-immunoprecipitated samples was
also analyzed. This factor was specifically co-immunoprecipitated
both by native and mutant TGEV protein 7 (Figure 10D),
suggesting that eIF2a was present in the complex formed by
TGEV protein 7 and PP1. Furthermore, the interaction between
protein 7 and PP1 was also evaluated in the context of TGEV
infection. ST-HA-7 cells were mock infected or infected with
rTGEV-D7, to avoid competition with the non-tagged protein 7
encoded by the wild-type virus. PP1 co-immunoprecipitated with
HA-tagged protein 7 in rTGEV-D7 infected cells (Figure S4),
indicating that TGEV protein 7 also interacts with PP1 in the
Figure 8. eIF2a phosphorylation during rTGEV infection. (A) Total protein was extracted, at indicated times post infection, from ST cells
infected at a moi of 5 with rTGEV-wt (wt) and rTGEV-D7( D7) viruses. Accumulation of total eIF2a and phosphorylated eIF2a (eIF2a-P), was analyzed by
Western-blot. (B) eIF2a and eIF2a-P amounts were estimated by densitometric analysis. The graph represented eIF2a/eIF2a-P ratio in mock (green),
rTGEV-wt (blue) and rTGEV-D7 (red) infected cells at indicated hpi. Error bars indicate the standard deviation from six independent experiments. r.u.,
relative units. *, p-value ,0.05; **, p-value ,0.01.
doi:10.1371/journal.ppat.1002090.g008
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HA-7 cells, a decrease in the PP1 co-immunoprecipitated by HA-
tagged protein 7 was observed in relation to the rTGEV-D7
infected cells (Figure S4B), indicating that protein 7, expressed
from rTGEV-wt virus, also interacts with PP1, and competed with
tagged HA-7 protein for the binding to PP1.
To further evaluate the role of the PP1-protein 7 interaction on
the rTGEV-D7 observed phenotype, RNA degradation and eIF2a
phosphorylation levels were analyzed in the presence of the
protein 7 mutant that did not bind to PP1. ST cells were
transfected with the HA-tagged protein 7 mutant, and the
expression of this protein was confirmed by immunofluorescence
(data not shown). As previously observed, rTGEV-D7 virus caused
an increased RNA degradation (Figure 11A) and eIF2a phos-
phorylation (Figure 11B). Interestingly, protein 7 mutant provided
in trans did not reduce the RNA degradation and eIF2a
phosphorylation caused by rTGEV-D7 virus (Figure 11), although
eIF2a was also pulled-down by protein 7 mutant. This data
strongly indicated that native TGEV protein 7 modulated RNA
degradation and eIF2a phosphorylation by its interaction with
PP1 protein, supporting our working hypothesis.
In vivo phenotype of rTGEV-D7
Newborn piglets were infected with rTGEV-wt and rTGEV-D7
viruses. Both viruses showed similar growth kinetics in the lung,
although gene 7 deletion mutant virus reached higher titers than
the parental virus at early times post infection (Figure 12A).
Virulent TGEV strains replicate in the villious epithelial cells of
the small intestine and in lung cells, causing severe diarrhea in
newborn piglets [57,114,115]. The respiratory and enteric tropism
of the rTGEVs can be modified by the introduction of an S gene
from a virulent strain [57,114,115]. The rTGEV-D7 deletion
mutant used throughout this paper was generated with an
exclusively respiratory tropism (see Materials and Methods). To
study the relevance of protein 7 in a virulent virus, a recombinant
virus with respiratory and enteric tropism, lacking the expression
of the gene 7 (rTGEV-SC11-D7) was engineered [57]. Growth in
lung of rTGEV-SC11-wt and rTGEV-SC11-D7 viruses was
similar to that of the previous mutant and wild-type viruses (data
not shown). Interestingly, the rTGEV-SC11-D7 showed acceler-
ated growth kinetics in gut, compared to the wild-type virus
(Figure 12B). This behavior correlated with more pronounced
clinical symptoms (Figure S5A). Both rTGEV-SC11-wt and
rTGEV-SC11-D7 infected animals had the same final survival
ratio (50%) (Figure S5B). Nevertheless, animals infected with
rTGEV-SC11-D7 died six days before that those infected with
rTGEV-SC11-wt (Figure S5B). Accordingly, virus was detected
only in sentinel animals in contact with rTGEV-wt infected piglets,
but not in those in close proximity to the rTGEV-SC11-D7
infected animals (Figure 12B). This result suggested that the
presence of protein 7 facilitated animal survival and virus
shedding.
Histopathology of lungs from animals infected with rTGEV-wt
and rTGEV-D7 viruses was analyzed. Lung injury caused by
rTGEV-wt consisted in alveolar wall thickening, emphysemas, and
obstruction of the conducting airways by cell debris (Figure 13).
rTGEV-D7 pathology at 1dpi was comparable with that observed
in piglets 4 days post rTGEV-wt infection, indicating that tissue
injury caused by the gene 7 deletion mutant virus was faster than
that due to the wild-type virus (Figure 13). In addition to the
lesions described in rTGEV-wt infected animals, in rTGEV-D7
infected tissue edema was also observed as a consequence of strong
alveolar congestion (Figure 13).
Virus antigen immunodetection showed the same infection
pattern for both viruses (Figure 13), and the active caspase 3
pattern overlapped with those areas in which viral infectious foci
were detected (Figure 13). Taken together the results indicated a
faster lung infection and more extensive injury caused by rTGEV-
D7 virus.
Discussion
This study shows that TGEV protein 7 modified the antiviral
response, and that the presence of gene 7 attenuated virus
virulence. TGEV infection led to the activation of an antiviral
pathway triggered by the dsRNA produced during the virus cycle
(Figure 14). This pathway has two main effectors: 29-59OAS that
leads to RNase L activation and RNA degradation, and PKR that
is responsible of eIF2a phosphorylation [116]. In general, the
activation of this pathway leads to blocking of the cell translational
machinery, and induction of caspase-dependent apoptosis of
infected and neighboring cells (Figure 14) [8,10]. Interestingly,
we have shown that TGEV protein 7 bound PP1, a key regulator
of the cell antiviral defenses, and we proposed that this binding
modulates dsRNA-activated pathway.
In rTGEV-D7 infected cells, an increased eIF2a phosphoryla-
tion was observed over rTGEV-wt infection, although enhanced
kinase activation was not detected. Interaction of protein 7 with
the PP1c complex may counteract PKR activity (Figure 14). This
is a novel mechanism not previously observed in the RNA viruses.
Nevertheless, a similar mechanism was previously described for
three DNA virus proteins containing a PP1c-binding motif,
encoded by herpex simplex virus-1 (c134.5 protein), papilomavirus
(E6 protein) and African swine fever virus (DP71L protein)
(Figure 10B) [102,110,111]. These proteins counteract the
negative effect of the eIF2a phosphorylation on cellular and viral
protein synthesis through their interaction with the PP1 complex.
This interaction promotes dephosphorylation of eIF2a
[102,110,111]. In fact, while native TGEV protein 7 provided in
trans decreased eIF2a phosphorylation, a protein 7 mutant that did
not bound PP1 was unable to reduce eIF2a phosphorylation
levels.
The evaluation of cellular RNA integrity in rTGEV-D7 infected
cells revealed an increase of cellular RNA degradation compared
with rTGEV-wt virus infected cells. The degradation pattern was
Figure 9. Complementation of rTGEV-D7 produced apoptosis and RNA degradation by protein 7 provided in trans. Generation of ST
cells expressing TGEV protein 7 in trans. (A) Scheme of TGEV protein 7 expressed by the gene transfected into ST cells. Hemaglutinin tag (HA, light
blue) was inserted after signal peptide (blue). (B) Protein 7 expression levels for the three ST-HA-7 selected cellular clones (C1, C2 and C3), were
analyzed by immunofluorescence (left). Tagged protein 7 was detected with an anti-HA antibody stained in green, and cell nucleus were stained in
blue. Percentage of HA-7 expressing cells is indicated. HA-7 protein accumulation was evaluated by Western-blot (right). HA-7 band is indicated, and
corresponds to tagged protein cleaved form (7 KDa). (C) ST cells, or ST cells expressing HA-tagged protein 7 (ST-HA-7) were used to analyze apoptosis
levels by flow cytometry. Apoptosis levels in mock, rTGEV-wt (wt) and rTGEV-D7( D7) infected cells were evaluated at 12 hpi. Annexin V-PI double
staining was performed to differentiate cells in early apoptosis (Annexin V
+,P I
2) from those in late apoptosis (Annexin V
+,P I
+) stages. (D) ST cells and
the three ST-HA-7 cell clones obtained were mock, rTGEV-wt or rTGEV-D7 infected. Total RNA was extracted at 18 hpi. Cellular RNA integrity was
analyzed using a Bioanalyzer. 28S and 18S rRNAs are indicated on the right.
doi:10.1371/journal.ppat.1002090.g009
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PLoS Pathogens | www.plospathogens.org 14 June 2011 | Volume 7 | Issue 6 | e1002090Figure 10. PP1c binding motif in genus a1 CoV protein 7. (A) Fragment from the alignment of genus a1 CoV 7a proteins. Canonical PP1c-
binding motif is represented by the red box [ELM server [105,106]]. (B) Consensus PP1 binding motif, including a short sequence (R/K)VxF (red),
surrounded by non-polar residues. This motif is present in other viral and cellular proteins, such as human simplex virus-1 (HSV-1) c134.5, African
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suggesting that this nuclease was the responsible for RNA
degradation during TGEV infection. Interestingly, 29-59OAS1
expression, which is required for RNase L activation, was similarly
increased after infection with both rTGEV-wt and rTGEV-D7
viruses. These results suggested that protein 7 may be modulating
the 29-59OAS pathway at a level prior to RNase L activation
(Figure 14). Activation of 29-59OAS by dsRNA leads to the
synthesis of 59-triphosphorylated, 29-59-oligoadenylates (29-59A)
required for RNase L dimerization and activation. The 29-59A are
highly unstable due to their potential dephosphorylation at the
59end by general phosphatases, leaving the core oligoadenylate
that does not efficiently activate RNase L [117]. We propose that
the complex PP1-protein 7 may counteract RNase L activation
through the dephosphorylation of 29-59A. In fact, native TGEV
protein 7 provided in trans reduced RNA degradation, while a
protein 7 mutant that did not bound PP1 was unable to decrease
RNA degradation. To our knowledge, this is the first report
involving PP1 protein on the dsRNA induced RNA degradation
pathway. Surprisingly, viral mRNAs were not differentially
degraded after infection with rTGEV-wt or rTGEV-D7, indicating
that these mRNAs may be hidden from nuclease activity. Initially,
protection of these mRNAs could be mediated by their sheltering
in double-membrane vesicles (DMVs), induced by CoV infection,
and identified in MHV [28], SARS-CoV [29], and TGEV
infected cells (A. Nogales, L. Enjuanes and F. Almaza ´n,
unpublished results). DMVs may provide an environment for
viral RNA synthesis, and prevent the action of components of host
defenses, such as antiviral nucleases. The mechanisms for viral
mRNA protection at later stages of the viral cycle will require
further studies.
We demonstrated that rTGEV-D7 showed an enhanced CPE,
in relation to that caused by rTGEV-wt, which was a consequence
of the acceleration of apoptosis characterized by a faster activation
of caspase 3. In agreement with our results, it has previously been
described that the activation of PKR and 29-59OAS/RNase L
pathways generally leads to apoptosis [118,119]. Furthermore,
apoptosis initiated by RNase L requires caspase 3 activity [120].
Interestingly, the growth kinetics of both viruses was similar,
indicating that the increased antiviral response and apoptosis, did
not compromise virus replication. It has been previously described
that inhibition of TGEV-induced apoptosis did not enhance viral
production [63]. Similarly, in other CoVs, such as SARS-CoV or
MHV, downregulation of PKR or RNase L, respectively, did not
affect virus growth [96,121]. Altogether these results suggest that,
at least for these CoVs, the dsRNA-activated response did not
affect viral replication. Nevertheless, all these CoVs have
developed strategies to counteract the dsRNA antiviral response
[33,122,123]. These strategies could control the deleterious effect
that an exacerbated antiviral response may cause in the host, and
therefore in long term virus survival [124]. In fact, rTGEV-D7
virus showed an accelerated growth kinetics in vivo compared to
rTGEV-wt. This effect was probably due to a premature cell death
in the rTGEV-D7 infected animal tissue that promoted a faster
initial propagation of the virus.
To generate the rTGEV-D7 analyzed here, minimal modifica-
tions required to avoid gene 7 expression were introduced in a
TGEV-wt backbone. A previously evaluated rTGEV without gene
7 expression showed full attenuation, with 100% survival of
infected piglets [52], what is at variance (but not in contradiction)
with the results presented in this work. Fortunately, the two
deletion mutant viruses used in the Ortego et al 2003 paper and
the one used here are completely different. The mutant virus in the
Ortego’s paper was derived from a already highly attenuated virus,
only causing 20% piglet death after virus administration. It is
essential to realize that this virus already included many additional
attenuating genome changes: (i) five engineered restriction sites
preceding genes 3a, E, M, N and 7; (ii) the duplication of
sequences preceding these genes, required to avoid gene
overlapping. Furthermore this duplicated sequences, located close
to the gene TRS, contained an additional TRS that regulate the
expression levels of each gene, what probably influenced the
expression levels of these viral genes; and (iii) a deletion spanning
21 nt upstream ORF7 start codon and the first 17 nt of this ORF,
that was introduced to prevent the expression of gene 7. In
contrast, the TGEV deletion mutant used in this work only
included a point mutation in gene 7 CS and a 7 nt deletion to
prevent the production of protein 7. Therefore, the changes
observed in the pathogenicity of the Ortego’s recombinant virus
could not be exclusively assigned to gene 7 absence, in contrast to
the results presented in this paper.
In general, viral infection leads to a strong antiviral state in
infected and neighboring cells [65]. We postulate that the balance
between enhanced apoptosis and the bystander effect compro-
mised and limited rTGEV-D7 virus tissue dissemination. Prelim-
inary results from high throughput gene expression analysis
supported this proposal (data not shown). In fact, in agreement
with this postulate, rTGEV-D7 infected piglets showed an
accelerated pathology when compared with the rTGEV-wt
infected ones. Furthermore, the recovery from the inflammatory
response was slower in rTGEV-D7 infected animals than in
rTGEV-wt ones as lungs infected by the rTGEV-D7 showed more
lesions at 4 dpi than those infected with the rTGEV-wt. Current
work in our lab is directed at analyzing whether the removal of
gene 7 in rTGEV leads to an infection with an enhanced innate
immune response.
The results obtained suggested that while a balanced immune
response promotes virus clearance and tissue reparation, an
exacerbated innate immune response could result in immune
pathology and subsequent tissue damage, as observed in rTGEV-
D7 infected piglets. Similar effects have been described for other
viruses, such as human hepatitis C virus [125], in which tissue
damage was associated to the development of an exacerbated host
antiviral response and not with viral replication. Moreover, piglets
infected with a TGEV virulent enteric strain lacking protein 7
expression (rTGEV-SC11-D7), developed a faster and more
pronounced clinical disease. High pathogenicity resulted in a
more rapid host elimination, affecting virus long-term survival as
the host is essential for virus propagation. From an evolutionary
point of view, our results suggested that CoVs genus a1 might have
swine fever virus (ASFV) DP71L, human papilomavirus (HPV) E6 oncoprotein, and human growth arrest DNA-damage 34 (GADD34). GenBank
accession numbers are ADB28914.1, P36313, Q65212, ACR78108 and O75807, respectively. Dark blue, non-polar aa; light blue, basic aa; green, polar
aa; and red, PP1 binding motif core sequence. (C) Proposed model for protein 7 function during TGEV infection. (D) Coimmunoprecipitation of TGEV
protein 7 and PP1. TGEV protein 7-PP1 interaction was evaluated using ST cells, ST-HA-7 cells (7), or ST cells transiently expressing SARS-CoV E protein
(E), or a protein 7 mutant lacking the PP1 binding motif (7-mut). Cell extracts were incubated with anti-HA agarose. Input, flow through (FT), and final
elution (CoIP) samples were resolved by SDS-PAGE. The presence of HA-tagged proteins, PP1 and eIF2a was analyzed by Western-blot using specific
antibodies.
doi:10.1371/journal.ppat.1002090.g010
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PLoS Pathogens | www.plospathogens.org 16 June 2011 | Volume 7 | Issue 6 | e1002090Figure 11. Effect of mutated protein 7 provided in trans on RNA degradation and eIF2a phosphorylation. ST cells, or ST cells expressing
native TGEV protein 7 or the mutated protein 7 lacking PP1 binding motif were used. Cells were mock infected or rTGEV-wt (wt) and rTGEV-D7( D7)
infected. (A) Total RNA was extracted at 18 hpi and cell RNA integrity was analyzed using a Bioanalyzer. 28S and 18S rRNAs are indicated on the right.
(B) Total protein was extracted at 10 hpi and eIF2a and eIF2a-P protein levels were analyzed by Western-blot. Protein amounts were estimated by
densitometry, and the ratio of eIF2a-P to total eIF2a was represented. Error bars represented the standard deviation of three independent
experiments.
doi:10.1371/journal.ppat.1002090.g011
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preventing overwhelming tissue damage due to an exacerbated
innate immune response. Protein 7 would then benefit both the
host, reducing the pathology caused by the infection, and the virus,
allowing longer virus persistence and dissemination.
Materials and Methods
Ethics statement
Animal experimental protocols were in strict accordance with
EU guidelines 2010/63/UE, and Spain national law RD 1201/
2005, about protection of animals used for experimentation and
other scientific purposes, and national law 32/2007, about animal
welfare in their exploitation, transport, experimentation and
sacrifice. The experiments were performed in an animal facility
at Pfizer Animal Health, Girona (Permit numbers G9900005 and
G9900007), and were approved by the in site ethical review
committee (Comite `E `tic d’Experimentacio ´ Animal).
Cells
Baby hamster kidney (BHK) cells stably transformed with the
porcine amino peptidase N gene (BHK-pAPN) [126] were grown
in Dulbecco’s modified medium (DMEM) supplemented with 5%
fetal bovine serum (FBS) and G418 (1.5 mg/ml) as a selection
agent. Swine testis (ST) cells were grown in DMEM supplemented
with 10% FBS [127].
Generation of ST cells expressing TGEV protein 7
The gene for TGEV protein 7, with hemaglutinin tag (HA)
inserted after the signal peptide, cloned in HindIII-EcoRI
restrictions sites in the plasmid pcDNA 3.1, was purchased from
GenArt (Germany). Four micrograms of pcDNA 3.1-HA-7 were
linearized with SmaI, and purified using QIAquick Kit (Qiagen)
according to the manufacturers specifications. The linearized
plasmid was used for reverse transfection of ST cells with 12 mlo f
Lipofectamine 2000 (Invitrogen), as recommended by the
manufacturer. Cells were grown in DMEM supplemented with
10% FBS and G418 (1.5 mg/ml) as a selection agent. Cells were
cloned and positive clones for HA-7 expression, by immunofluor-
esce and Western-blot, were amplified.
Generation of ST cells transiently expressing TGEV
protein 7-mut or SARS-CoV E protein
A pcDNA 3.1 plasmids, with TGEV 7-mut gene cloned in
HindIII-EcoRI restrictions sites, was purchased from GenArt
(Germany). This plasmid, pcDNA3.1-7-mut, encodes TGEV
protein 7 with a deletion comprising amino acids 59 to 62, which
include the PP1 binding motif (R/K)VxF, with an HA tag inserted
after the signal peptide. Plasmid pcDNA3.1-E, encoding SARS-
CoV E protein, with an HA tag in its amino-terminus, was
previously obtained in our laboratory (E. Alvarez, M. L. DeDiego
and L. Enjuanes, unpublished results). For transient expression
experiments, circular plasmids were used for reverse transfection
of ST cells as described above.
Construction of the plasmid pBAC-TGEV-D7
A recombinant TGEV virus was engineered using a TGEV-
SPTV genetic background, with respiratory tropism and adapted
to tissue cultures [57]. The mutations required to knock down
gene 7 expression were introduced by overlapping PCR using as a
template the plasmid pSL-3EMN7, comprising nucleotides 20,372
to 28,087 of TGEV genome [128]. Overlapping PCR fragments,
with point mutations and deletions, were amplified using
oligonucleotides DORF7 VS (59-GCTCGTCTTCCTCCAT-
GCTGTATTTAT-39) and DORF7 RS (59-GATAATTGAT-
GAGGTAACGAACTGAGCTCGTCTTCGTTACCTATC-39).
The final PCR product (2700 bp), amplified with outer
oligonucleotides DORF7 VS-Oli 4 SphIR S( 5 9-CATAGCACAA-
Figure 12. In vivo growth kinetics of rTGEV-D7 virus. (A) Two- to three-day-old piglets were inoculated with 1610
7 pfu/pig of rTGEV-wt and
rTGEV-D7 viruses by two routes (oral and nasal) in combination. At 0.5, 1, 2, 3, 4 and 5 days post inoculation two animals per group were sacrificed,
and the lungs were harvested. rTGEV-wt (blue) and rTGEV-D7 (red), recovered from lung, were titrated. Triangles indicated sentinel animals. (B) Two-
to three-day-old piglets were inoculated with 1610
7 pfu/pig of rTGEV-SC11-wt and rTGEV-SC11-D7 viruses by three routes (oral, intranasal and
intragastric) in combination. At indicated days post inoculation two animals per group were sacrificed, and the lung and the gut were harvested.
rTGEV-SC11-wt (blue) and rTGEV-SC11-D7 (red) titers in gut are represented. Triangles indicate sentinel animals. Error bars indicate the standard
deviation from three independent experiments.
doi:10.1371/journal.ppat.1002090.g012
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PLoS Pathogens | www.plospathogens.org 18 June 2011 | Volume 7 | Issue 6 | e1002090Figure 13. Lung histopathology caused by rTGEV-D7 infection. Two- to three-day-old piglets were inoculated with 1610
7 pfu/pig of rTGEV-
wt and rTGEV-D7. Lung samples, collected at 1 and 4 days post infection, were stained with hematoxylin-eosin (H&E). Pictures were obtained with a
10x objective. TGEV membrane protein (M) and cleaved caspase 3, were also immunodetected with specific antibodies. Pictures were obtained with a
20x objective.
doi:10.1371/journal.ppat.1002090.g013
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1 SphIV S( 59-GGAGGATTGGGAAGACAATAGCAGG-
CATGCTGGGG-39), was digested with SphI and cloned in the
same restriction site of pSL-3EMN7, leading to pSL-3EMND7. To
generate the plasmid pBAC-TGEV-SPTV-D7, pSL-3EMND7 was
digested with SfoI-BamHI. This fragment, containing nt 23,464 to
28,700 of the TGEV genome, and including the mutations, was
cloned in the same restriction sites of the full-length pBAC-TGEV-
SPTV
FL [129]. To generate a rTGEV-D7 virus with both enteric
and respiratory tropism a TGEV-SC11 virus backbone was used
[57]. To this end, the pSL-3EMND7 SfoI-BamHI fragment was
cloned in the same restriction sites of the full-length pBAC-TGEV-
SC11
FL [129]. All cloning steps were checked by sequencing of the
PCR fragments and cloning junctions.
Transfection and recovery of infectious virus
BHK-pAPN cells were grown to 95% confluence on 35-mm-
diameter plates and transfected with 4 mg of infectious cDNA
using 12 ml of Lipofectamine 2000 (Invitrogen), according to the
manufacturer’s specifications. After 6 h of incubation at 37uC,
cells were trypsinized and plated over a confluent ST monolayer
grown in 35-mm-diameter plate. Recombinant TGEV (rTGEV)
viruses were recovered, grown and titrated as previously described
[130,131].
RNA extraction and analysis
One day after confluence ST cells, grown on 35-mm-diameters
plates, were infected at a multiplicity of infection (moi) of 5. Total
intracellular RNA was extracted at different hours post-infection
(hpi) using the RNeasy Mini Kit (Qiagen), according to the
manufacturer’s instructions. Viral sg mRNAs were evaluated by
Northern blot and RT-qPCR analyses, following standard
procedures set up in our laboratory [131,132]. Cellular gene
expression was analyzed by using a custom TaqMan gene
expression assay (Applied Biosystems) specific for porcine 29,59oli-
goadenylate synthetase 1 (29,59OAS1) (Table 1), and growth arrest
DNA-damage 34 (GADD34) (Table 1). Data were acquired with
an ABI PRISM 7000 sequence detection system and analyzed
with ABI PRISM 7000 SDS version 1.2.3 software (Applied
Biosystems). Total cell RNA integrity was evaluated with a
Bioanalyzer 2100 (Agilent Technologies) following the manufac-
turer `s recommendations, and analyzed with 2100 Expert software
(Agilent Technologies). Four micrograms of polyinosynic-poly-
cytidylic acid [Poly (I:C), Sigma] were used for reverse transfection
of ST cells with 12 mg of Lipofectamine 2000 (Invitrogen), as
recommended by the manufacturer. Total RNA was extracted
16 hours post transfection, and cell RNA integrity was analyzed as
described above. For apoptosis inhibition experiments, caspase
inhibitor inhibitor N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylk-
etone (ZVAD.fmk) was added to the cell culture medium at a
concentration of 100 mM as previously described [63]. Total RNA
was extracted 18 hours post infection, and cell RNA integrity was
analyzed as described above.
Expression of RNase L system from recombinant vaccinia
viruses
To evaluate the cellular RNA degradation by the 2-5OAS/
RNase L system, three recombinant vaccinia viruses, vvT7, vvRL
and vv2-5AS, were used as previously described [84]. Expression
of RNase L from vvRL, was under the control of T7 promoter
Figure 14. dsRNA induced antiviral pathway. Schematic overview of the dsRNA-induced antiviral pathway analyzed. Differential effects
observed during rTGEV-D7 infection are in red. PP1, the proposed target of protein 7, is in blue.
doi:10.1371/journal.ppat.1002090.g014
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produced by vvT7 and vv-2-5AS respectively, was constitutive.
ST cells were infected at a moi of 2 with vvT7 or vvT7, vvRL and
vv2-5AS. Total RNA was harvested at 24 hpi, and analyzed by a
Bioanalyzer as described above.
Protein analysis by Western blotting
ST cells were infected at a moi of 5, harvested at different hpi,
and protein extracts were obtained as previously described [59].
When protein phosphorylation levels were analyzed, a phosphatase
inhibitor cocktail (PhosSTOP, Roche) was added to the extraction
buffer. Cell lysates were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were
transferred to a nitrocellulose membrane (Hybond-C, GE Health-
care) and analyzed as described [45]. The membranes were
incubated with polyclonal antibodies (pAbs) specific for active
Caspase 3 protein(abcam,1:10,000),PKR (SantaCruz,1:200), BiP
(Abcam, 1:500), eIF2a (Santa Cruz, 1:2000), phosphorylated eIF2a
(Invitrogen, 1:500) and PP1c (Santa Cruz, 1:200). Monoclonal
antibodies (mAbs) specific for HA (Sigma, 1:1000), total PKR
(Santa Cruz, 1:1000), PP1c (Santa Cruz, 1:1000) and b-Actin
(Abcam, 1:10,000) were also used. Protein accession numbers are
detailed in Table 1. Bound primary antibodies were detected with
horseradish peroxidase-conjugated antibodies specific for the
different species, using the Immobilon Western chemiluminescent
substrate (Millipore), following the manufacturers recommenda-
tions. Protein amounts were estimated by densitometric analysis
using Quantity One 4.6.3 software (BioRad). At least three different
experiments and appropriate gel exposures were used in all cases
with similar results. In addition, different exposures of the same
experiment were analyzed to assure that data were obtained from
films within linear range.
Immunofluorescence
ST-HA-7 cells were fixed with 4% paraformaldehyde and
permeabilized with 0.2% saponin in phosphate-buffered saline
(PBS) and 10% FBS. Monoclonal antibody specific for HA (Sigma,
1:500) was used. Bound primary antibody was detected with
AlexaFluor488 conjugated antibody specific for mouse (Invitrogen,
1:500). Cell nucleus were stained with 49,6-diamidino-2-pheny-
lindole (DAPI) (Sigma, 1:200).
Metabolic labeling
One day post-confluence ST cells, grown on 35-mm-diameters
plates were infected at a moi of 1 to avoid strong cytopathic effect
(CPE). The cells were incubated 30 min in cysteine- and
methionine- free modified Eagles medium with 10% FBS
(starvation medium). The medium was then replaced by starvation
medium containing 50 mCi
35S/ml labeled Met and Cys (Taper).
Cells were incubated at 37uC for 1 hour, washed with PBS
containing 50 mM Ca
2+ and 50 mM Mg
2+, and pelleted. The cells
were broken in 50 ml of lysis buffer [59] supplemented with a
nuclease mix (10U DNaseI from Roche, 10 mg RNase A from
Qiagen) and 50 ml of SDS-PAGE loading buffer 2x [134]. Total
protein lysates were subjected to one freeze-thaw cycle and then
boiled at 95uC for 10 min, 15 ml of each sample were separated by
5-15% gradient SDS-PAGE. The gel was dried under vacuum
onto Whatman 3 MM paper and exposed for protein product
visualization. Label was estimated by densitometric analysis as
described above.
Cell death analysis
To quantify cell death levels, ST cells were permeabilized and
stained with vital dye propidium iodide (PI) (Roche) following
standard procedures (Nicoletti I., 1991). The cell death population
(genomic content ,2 n) was quantified by flow cytometry.
Apoptosis was evaluated by flow cytometry using fluorescein
isothiocyanate (FITC) conjugated Annexin V (Roche), specifically
binding apoptotic cells, as previously described [61]. Annexin V
plus PI double staining was performed to differentiate cells in early
apoptosis (Annexin V
+,P I





Cell extracts from ST-HA-7 cells, expressing TGEV HA-tagged
protein 7, or ST cells transiently expressing HA-tagged corona-
virus proteins 7-mut or E were incubated with a mAb anti-HA
agarose conjugated (1:1, Sigma), following the manufacturers
recommendations. The presence of viral proteins 7, 7-mut and E,
and cell proteins PP1 and eIF2a in the eluted samples was
analyzed by Western-blot using specific antibodies as described
above.
In vivo growth kinetics
Two- to three-day-old non-colostrum-deprived piglets, born
from TGEV seronegative sows, were inoculated with virus
(1610
7 pfu/pig) following standard procedures [57]. Briefly, for
respiratory tropism viruses animals were infected by two different
routes (oral and intranasal) in combination. For enteric tropism
viruses, animals were infected by three routes (intranasal, oral and
intragastric) in combination. Infected animals were monitored
daily to detect symptoms of disease and death. At 0.5, 1, 2, 3, 4
and 5 days post-inoculation (dpi) two animals per group were




b-actin Porcine Q7M3B0 UniProtKB (unreviewed)
Human P60709 UniProtKB
BiP Porcine P34935 UniProtKB
Human P11021 UniProtKB







GADD34 Porcine ENSSSCT00000003504 ENSEMBL
OAS1 Porcine Q29599 UniProtKB
PERK Porcine ENSSSCP00000008763 ENSEMBL
Human Q9NZJ5 UniProtKB
PKR Porcine Q865A4 UniProtKB (unreviewed)
Human P19525 UniProtKB
PP1 Porcine – –
Human P62136 UniProtKB
RNaseL Porcine A5H025 UniProtKB (unreviewed)
Human Q05823 UniProtKB
(a) The work was performed in porcine cells, but human IDs are also provided
when antibodies for human proteins were used.
(b) Available sequence corresponds to a 70 aa fragment.
(c) Sequence not available.
doi:10.1371/journal.ppat.1002090.t001
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representative samples, tissue extracts were obtained by homog-
enizing the whole organs at 4uC by using a Pro-250 tissue
homogenizer (Fisher Scientific). Virus titers were determined in
lung extracts following procedures set up in the laboratory [57].
Immunohistochemistry
Lung representative sections were fixed with 4% paraformal-
dehyde and stored in 70% ethanol at 4uC. Paraffin embedding,
sectioning and hematoxylin-eosin staining (H&E) were performed
by the histology service in the National Center of Biotechnology
(CNB, Spain). 4 micron sections were immunostained for TGEV
membrane (M) protein and cleaved caspase 3. Briefly, samples
were deparaffined at 60uC and rehydrated by successive
incubations in 100% xylol, 100% ethanol and 96% ethanol.
Endogenous peroxidase was blocked at 37uC in darkness with 1%
H2O2 diluted in methanol. For cleaved caspase 3 detection, tissue
sections were boiled in citrate buffer (8.2 mM sodium citrate;
1.8 mM citric acid) pH 6.5. Unspecific binding was blocked with
3% bovine serum albumin (BSA) in PBS. Samples were incubated
with a mAb specific for TGEV M protein (3B.B3, 1:100) [130] or
with a pAb specific for active caspase 3 protein (abcam, 1:300),
respectively. Bound primary antibodies were detected with
biotinylated antibodies specific for the different species, using the
ABC Peroxidase Staining Kit and Metal Enhanced DAB Substrate
Kit (Pierce), following the manufacturers recommendations.
Supporting Information
Figure S1 Porcine GADD34 expression. The expression of
porcine GADD34, during rTGEV-wt (blue) or rTGEV-D7 (red)
infections at indicated hpi, was analyzed by RT-qPCR. Error bars
indicate the standard deviation from three independent experi-
ments. r.u., relative units.
(TIF)
Figure S2 Decreased eIF2a-P by expression of TGEV protein 7
in trans. (A) ST cells and ST-HA-7 clones C1, C2 and C3 were
infected with rTGEV-wt or rTGEV-D7. Total RNA was extracted
at 10 hpi and porcine GADD34 expression was analyzed by RT-
qPCR. r.u., relative units. Error bars represented the standard
deviation of three independent experiments. (B) ST cells and ST-
HA-7 clones C1 and C3 were infected with rTGEV-wt or rTGEV-
D7. Total protein was extracted at 10 hpi and eIF2a and eIF2a-P
protein levels were analyzed by Western-blot. Protein amounts
were estimated by densitometry, and the ratio of eIF2a-P to total
eIF2a was represented. Error bars represented the standard
deviation of three independent experiments.
(TIF)
Figure S3 Effect of protein 7 on kinases implicated in eIF2a
phosphorylation. (A) Scheme of eIF2a/eIF2a-P equilibrium
influenced by PKR, PERK and PP1 activity. (B) Evaluation of
phosphorylated PKR (PKR-P), total PKR and BiP accumulation
during rTGEV-wt or rTGEV-D7 infections, at indicated hpi, by
Western-blot using specific antibodies. b-actin was detected as
loading control. (C) Analysis of PP1 accumulation in ST cells
infected with rTGEV-wt or rTGEV-D7 at indicated times post
infection, by Western-blot using a specific antibody. b-actin was
detected as loading control.
(TIF)
Figure S4 Interaction between PP1 and TGEV protein 7 in the
context of TGEV infection. (A) ST mock infected cells, or ST-HA-7
cells infected with rTGEV-D7 were used for immunoprecipitation.
Cell extracts from 16 hpi were incubated with anti-HA agarose.
Input, flow through (FT), and final elution (CoIP) samples were
resolved by SDS-PAGE. The presence of HA-tagged protein 7 and
PP1 was analyzed by Western-blot using specific antibodies. (B) ST-
HA-7 mock infected cells, or infected with rTGEV-wt or rTGEV-D7
viruses were used for immunoprecipitation as in (A). Co-immuno-
precipitated (Co-IP) samples from different experiments were
resolved by SDS-PAGE, and HA-tagged protein 7 and PP1 were
detected by Western-blot. The graph represents the ratio between
PP1 and HA-7 protein, estimated by densitometry. Error bars
represent the standard deviation from the different experiments.
(TIF)
Figure S5 In vivo rTGEV-SC11-D7 virulence. Three-day-old
piglets were inoculated with 1610
7 pfu/animal of rTGEV-SC11-
wt or rTGEV-SC11-D7 viruses, by three routes (oral, intranasal
and intragastric) in combination. (A) Clinical symptoms were
analyzed during the experiment. The degree of diarrhea was
represented: from 0, meaning healthy animal, to 3, meaning acute




We thank J.M. Nieto and I. Casanova for their assistance in the
interpretation of histopathology samples, and F. Almazan and E. Alvarez
for the design and generation of rTGEV-SC11-D7 virus. We are also
grateful to M. Esteban and A. Ca ´ceres for providing vaccinia viruses for
RNase L system expression. We also thank C.M. Sa ´nchez, S. Ros, and M.
Gonza ´lez for technical assistance. J.L.G.C. received contract from
Community of Madrid. S.Z., I.S. and M.B. received contracts from the
EU.
Author Contributions
Conceived and designed the experiments: JLGC LE SZ. Performed the
experiments: JLGC MB SZ. Analyzed the data: JLGC IS MB LE SZ.
Contributed reagents/materials/analysis tools: JLGC MB BA JP SZ.
Wrote the paper: JLGC LE SZ. Animal experiments: BA JP.
References
1. EnjuanesL,Gorbalenya AE, deGroot RJ, CowleyJA, Ziebuhr J,etal. (2008) The
Nidovirales.In:MahyBWJ,VanRegenmortelM,WalkerP,Majumder-RussellD,
eds. Encyclopedia of Virology, Third Edition. Oxford: Elsevier Ltd. pp 419–430.
2. Masters PS (2006) The molecular biology of coronaviruses. Adv Virus Res 66:
193–292.
3. Denison MR (1999) The common cold. Rhinoviruses and coronaviruses. In:
Dolin R, Wringht PF, eds. Viral infections of the respiratory tract. New York:
Marcel Dekker, Inc. pp 253–280.
4. Drosten C, Gunther S, Preiser W, van der Werf S, Brodt HR, et al. (2003)
Identification of a novel coronavirus in patients with severe acute respiratory
syndrome. N Engl J Med 348: 1967–1976.
5. Holmes KV, Enjuanes L (2003) The SARS coronavirus: a postgenomic era.
Science 300: 1377–1378.
6. PerlmanS,PeweL(1998) RoleofCTLescapemutantsindemyelination induced
by mouse hepatitis virus, strain JHM. Adv Exp Med Biol 440: 515–520.
7. Medzhitov R, Janeway CA, Jr. (1997) Innate immunity: the virtues of a
nonclonal system of recognition. Cell 91: 295–298.
8. Dauber B, Wolff T (2009) Activation of the Antiviral Kinase PKR and Viral
Countermeasures. Viruses 1: 523–544.
9. Taylor SS, Haste NM, Ghosh G (2005) PKR and eIF2alpha: integration of
kinase dimerization, activation, and substrate docking. Cell 122: 823–825.
10. Bisbal C, Silverman RH (2007) Diverse functions of RNase L and implications
in pathology. Biochimie 89: 789–798.
11. Player MR, Torrence PF (1998) The 2-5A system: modulation of viral and
cellular processes through acceleration of RNA degradation. Pharmacol Ther
78: 55–113.
Role of Gene 7 on Host Antiviral Response
PLoS Pathogens | www.plospathogens.org 22 June 2011 | Volume 7 | Issue 6 | e100209012. Proud CG (1995) PKR: a new name and new roles. Trends Biochem Sci 20:
241–246.
13. Cassady KA, Gross M (2002) The herpes simplex virus type 1 U(S)11 protein
interacts with protein kinase R in infected cells and requires a 30-amino-acid
sequence adjacent to a kinase substrate domain. J Virol 76: 2029–2035.
14. Watson JC, Chang HW, Jacobs BL (1991) Characterization of a vaccinia virus-
encoded double-stranded RNA-binding protein that may be involved in inhibition
of the double-stranded RNA-dependent protein kinase. Virology 185: 206–216.
15. Chang HW, Watson JC, Jacobs BL (1992) The E3L gene of vaccinia virus
encodes an inhibitor of the interferon-induced, double-stranded RNA-
dependent protein kinase. Proc Natl Acad Sci USA 89: 4825–4829.
16. Bergmann M, Garcia-Sastre A, Carnero E, Pehamberger H, Wolff K, et al.
(2000) Influenza virus NS1 protein counteracts PKR-mediated inhibition of
replication. J Virol 74: 6203–6206.
17. Langland JO, Pettiford S, Jiang B, Jacobs BL (1994) Products of the porcine
group C rotavirus NSP3 gene bind specifically to double-stranded RNA and
inhibit activation of the interferon-induced protein kinase PKR. J Virol 68:
3821–3829.
18. Rivas C, Gil J, Melkova Z, Esteban M, Diaz-Guerra M (1998) Vaccinia virus
E3L protein is an inhibitor of the interferon (i.f.n.)-induced 2-5A synthetase
enzyme. Virology 243: 406–414.
19. Peters GA, Khoo D, Mohr I, Sen GC (2002) Inhibition of PACT-mediated
activation of PKR by the herpes simplex virus type 1 Us11 protein. J Virol 76:
11054–11064.
20. Romano PR, Zhang F, Tan SL, Garcia-Barrio MT, Katze MG, et al. (1998)
Inhibition of double-stranded RNA-dependent protein kinase PKR by vaccinia
virus E3: role of complex formation and the E3 N-terminal domain. Mol Cell
Biol 18: 7304–7316.
21. Gale MJ, Jr., Korth MJ, Tang NM, Tan SL, Hopkins DA, et al. (1997)
Evidence that hepatitis C virus resistance to interferon is mediated through
repression of the PKR protein kinase by the nonstructural 5A protein. Virology
230: 217–227.
22. Dever TE, Sripriya R, McLachlin JR, Lu J, Fabian JR, et al. (1998) Disruption
of cellular translational control by a viral truncated eukaryotic translation
initiation factor 2alpha kinase homolog. Proc Natl Acad Sci USA 95:
4164–4169.
23. O’Malley RP, Mariano TM, Siekierka J, Mathews MB (1986) A mechanism for
the control of protein synthesis by adenovirus VA RNAI. Cell 44: 391–400.
24. Sharp TV, Schwemmle M, Jeffrey I, Laing K, Mellor H, et al. (1993)
Comparative analysis of the regulation of the interferon-inducible protein
kinase PKR by Epstein-Barr virus RNAs EBER-1 and EBER-2 and adenovirus
VAI RNA. Nucleic Acids Res 21: 4483–4490.
25. Gunnery S, Rice AP, Robertson HD, Mathews MB (1990) Tat-responsive
region RNA of human immunodeficiency virus 1 can prevent activation of the
double-stranded-RNA-activated protein kinase. Proc Natl Acad Sci USA 87:
8687–8691.
26. Polyak SJ, Tang N, Wambach M, Barber GN, Katze MG (1996) The P58
cellular inhibitor complexes with the interferon-induced, double-stranded
RNA-dependent protein kinase, PKR, to regulate its autophosphorylation and
activity. J Biol Chem 271: 1702–1707.
27. Goodman AG, Fornek JL, Medigeshi GR, Perrone LA, Peng X, et al. (2009)
P58(IPK): a novel ‘‘CIHD’’ member of the host innate defense response against
pathogenic virus infection. PLoS Pathog 5: e1000438.
28. Gosert R, Kanjanahaluethai A, Egger D, Bienz K, Baker SC (2002) RNA
replication of mouse hepatitis virus takes place at double-membrane vesicles.
J Virol 76: 3697–3708.
29. Snijder EJ, van der Meer Y, Zevenhoven-Dobbe J, Onderwater JJ, van der
Meulen J, et al. (2006) Ultrastructure and origin of membrane vesicles
associated with the severe acute respiratory syndrome coronavirus replication
complex. J Virol 80: 5927–5940.
30. Kamitani W, Narayanan K, Huang C, Lokugamage K, Ikegami T, et al. (2006)
Severe acute respiratory syndrome coronavirus nsp1 protein suppresses host
gene expression by promoting host mRNA degradation. Proc Natl Acad Sci
USA 103: 12885–12890.
31. Tohya Y, Narayanan K, Kamitani W, Huang C, Lokugamage K, et al. (2009)
Suppression of host gene expression by nsp1 proteins of group 2 bat
coronaviruses. J Virol 83: 5282–5288.
32. Wang X, Liao Y, Yap PL, Png KJ, Tam JP, et al. (2009) Inhibition of protein
kinase R activation and upregulation of GADD34 expression play a synergistic
role in facilitating coronavirus replication by maintaining de novo protein
synthesis in virus-infected cells. J Virol 83: 12462–12472.
33. Ye Y, Hauns K, Langland JO, Jacobs BL, Hogue BG (2007) Mouse hepatitis
coronavirus A59 nucleocapsid protein is a type I interferon antagonist. J Virol
81: 2554–2563.
34. Brierley I, Digard P, Inglis SC (1989) Characterization of an efficient
coronavirus ribosomal frameshifting signal: requirement for an RNA
pseudoknot. Cell 57: 537–547.
35. de Groot RJ, Ziebuhr J, Poon LL, Woo PC, Talbot P, et al. (2010) Taxonomic
structure of the Coronaviridae. In: Fauquet CM, Mayo MA, Maniloff J,
Desselberg U, King A, eds. Virus Taxonomy International Committee on
Taxonomy of Viruses: Academic Press.
36. Koetzner CA, Kuo L, Goebel SJ, Dean AB, Parker MM, et al. (2010)
Accessory protein 5a is a major antagonist of the antiviral action of interferon
against murine coronavirus. J Virol 84: 8262–8274.
37. Yount B, Roberts RS, Sims AC, Deming D, Frieman MB, et al. (2005) Severe
acute respiratory syndrome coronavirus group-specific open reading frames
encode nonessential functions for replication in cell cultures and mice. J Virol
79: 14909–14922.
38. DeDiego ML, Pewe L, Alvarez E, Rejas MT, Perlman S, et al. (2008)
Pathogenicity of severe acute respiratory coronavirus deletion mutants in
hACE-2 transgenic mice. Virology 376: 379–389.
39. DeDiego ML, Alvarez E, Almazan F, Rejas MT, Lamirande E, et al. (2007) A
severe acute respiratory syndrome coronavirus that lacks the E gene is
attenuated in vitro and in vivo. J Virol 81: 1701–1713.
40. Dediego ML, Pewe L, Alvarez E, Rejas MT, Perlman S, et al. (2008)
Pathogenicity of severe acute respiratory coronavirus deletion mutants in
hACE-2 transgenic mice. Virology 376: 379–389.
41. Tangudu C, Olivares H, Netland J, Perlman S, Gallagher T (2007) Severe
acute respiratory syndrome coronavirus protein 6 accelerates murine
coronavirus infections. J Virol 81: 1220–1229.
42. Pewe L, Zhou H, Netland J, Tangudu C, Olivares H, et al. (2005) A severe
acute respiratory syndrome-associated coronavirus-specific protein enhances
virulence of an attenuated murine coronavirus. J Virol 79: 11335–11342.
43. Brian DA, Baric RS (2005) Coronavirus genome structure and replication.
Curr Top Microbiol Immunol 287: 1–30.
44. Enjuanes L, Almazan F, Ortego J (2003) Virus-based vectors for gene
expression in mammalian cells: Coronavirus. In: Makrides SC, ed. Gene
Transfer and Expression in Mammalian cells: Elsevier Science B.V. pp
151–168.
45. Sola I, Alonso S, Zu ´n ˜iga S, Balach M, Plana-Dura ´n J, et al. (2003) Engineering
transmissible gastroenteritis virus genome as an expression vector inducing
latogenic immunity. J Virol 77: 4357–4369.
46. Chu DK, Peiris JS, Chen H, Guan Y, Poon LL (2008) Genomic
characterizations of bat coronaviruses (1A, 1B and HKU8) and evidence for
co-infections in Miniopterus bats. J Gen Virol 89: 1282–1287.
47. Woo PC, Wang M, Lau SK, Xu H, Poon RW, et al. (2007) Comparative
analysis of twelve genomes of three novel group 2c and group 2d coronaviruses
reveals unique group and subgroup features. J Virol 81: 1574–1585.
48. Woo PC, Lau SK, Lam CS, Lai KK, Huang Y, et al. (2009) Comparative
analysis of complete genome sequences of three avian coronaviruses reveals a
novel group 3c coronavirus. J Virol 83: 908–917.
49. Jonassen CM, Kofstad T, Larsen IL, Lovland A, Handeland K, et al. (2005)
Molecular identification and characterization of novel coronaviruses infecting
graylag geese (Anser anser), feral pigeons (Columbia livia) and mallards (Anas
platyrhynchos). J Gen Virol 86: 1597–1607.
50. Gorbalenya AE, Enjuanes L, Ziebuhr J, Snijder EJ (2006) Nidovirales: evolving
the largest RNA virus genome. Virus Res 117: 17–37.
51. Lai MMC, Cavanagh D (1997) The molecular biology of coronaviruses. Adv
Virus Res 48: 1–100.
52. Ortego J, Sola I, Almazan F, Ceriani JE, Riquelme C, et al. (2003)
Transmissible gastroenteritis coronavirus gene 7 is not essential but influences
in vivo virus replication and virulence. Virology 308: 13–22.
53. de Haan CAM, Masters PS, Shen S, Weiss S, Rottier PJM (2002) The group-
specific murine coronavirus genes are not essential, but their deletion, by
reverse genetics, is attenuating in the natural host. Virology 296: 177–189.
54. Haijema BJ, Volders H, Rottier PJ (2004) Live, attenuated coronavirus
vaccines through the directed deletion of group-specific genes provide
protection against feline infectious peritonitis. J Virol 78: 3863–3871.
55. Herrewegh AAPM, Vennema H, Horzinek MC, Rottier PJM, Groot PJ (1995)
The molecular genetics of feline coronavirus comparative sequence analysis of
the ORF7a/7b transcription unit of different biotypes. Virology 212: 622–631.
56. Tung FYT, Abraham S, Sethna M, Hung SL, Sethna P, et al. (1992) The 9-
kDa hydrophobic protein encoded at the 39 end of the porcine transmissible
gastroenteritis coronavirus genome is membrane-associated. Virology 186:
676–683.
57. Sanchez CM, Izeta A, Sa ´nchez-Morgado JM, Alonso S, Sola I, et al. (1999)
Targeted recombination demonstrates that the spike gene of transmissible
gastroenteritis coronavirus is a determinant of its enteric tropism and virulence.
J Virol 73: 7607–7618.
58. Izeta A, Smerdou C, Alonso S, Penzes Z, Mendez A, et al. (1999) Replication
and packaging of transmissible gastroenteritis coronavirus-derived synthetic
minigenomes. J Virol 73: 1535–1545.
59. Galan C, Sola I, Nogales A, Thomas B, Akoulitchev A, et al. (2009) Host cell
proteins interacting with the 39 end of TGEV coronavirus genome influence
virus replication. Virology 391: 304–314.
60. Laude H (1981) Thermal inactivation studies of a coronavirus, transmissible
gastroenteritis virus. J Gen Virol 56: 235–240.
61. van Engeland M, Ramaekers FC, Schutte B, Reutelingsperger CP (1996) A
novel assay to measure loss of plasma membrane asymmetry during apoptosis
of adherent cells in culture. Cytometry 24: 131–139.
62. Nicoletti I, Migliorati G, Pagliacci MC, Grignani F, Riccardi C (1991) A rapid
and simple method for measuring thymocyte apoptosis by propidium iodide
staining and flow cytometry. J Immunol Methods 139: 271–279.
63. Eleouet JF, Chilmonczyk S, Besnardeau L, Laude H (1998) Transmissible
gastroenteritis coronavirus induces programmed cell death in infected cells
through a caspase-dependent pathway. J Virol 72: 4918–4924.
64. Eleouet JF, Slee EA, Saurini F, Castagne ´ N, Poncet D, et al. (2000) The viral
nucleocapsid protein of transmissible gastroenteritis coronavirus (TGEV) is
Role of Gene 7 on Host Antiviral Response
PLoS Pathogens | www.plospathogens.org 23 June 2011 | Volume 7 | Issue 6 | e1002090cleaved by caspase-6 and -7 during TGEV-induced apoptosis. J Virol 74:
3975–3983.
65. Sirinarumitr T, Kluge JP, Paul PS (1998) Transmissible gastroenteritis virus
induced apoptosis in swine testis cell cultures. Arch Virol 143: 2471–2485.
66. Zhang QL, Ding YQ, He L, Wang W, Zhang JH, et al. (2003) Detection of cell
apoptosis in the pathological tissues of patients with SARS and its significance.
Di Yi Jun Yi Da Xue Xue Bao 23: 770–773.
67. Wei L, Sun S, Xu CH, Zhang J, Xu Y, et al. (2007) Pathology of the thyroid in
severe acute respiratory syndrome. Hum Pathol 38: 95–102.
68. Narayanan K, Huang C, Lokugamage K, Kamitani W, Ikegami T, et al. (2008)
Severe acute respiratory syndrome coronavirus nsp1 suppresses host gene
expression, including that of type I interferon, in infected cells. J Virol 82:
4471–4479.
69. Schwartz T, Fu L, Lavi E (2002) Differential induction of apoptosis in
demyelinating and nondemyelinating infection by mouse hepatitis virus.
J Neurovirol 8: 392–399.
70. Raaben M, Koerkamp MJ, Rottier PJ, de Haan CA (2007) Mouse hepatitis
coronavirus replication induces host translational shutoff and mRNA decay,
with concomitant formation of stress granules and processing bodies. Cell
Microbiol 9: 2218–2229.
71. Liu Y, Zhang X (2007) Murine coronavirus-induced oligodendrocyte apoptosis
is mediated through the activation of the Fas signaling pathway. Virology 360:
364–375.
72. Deregt D, Babiuck LA (1987) Monoclonal antibodies to bovine coronavirus:
characteristics and topographical mapping of neutralizing epitopes on the E2
and E3 glycoproteins. Virology 68: 41–420.
73. Kyuwa S, Cohen M, Nelson G, Tahara SM, Stohlman SA (1994) Modulation
of cellular macromolecular synthesis by coronavirus: implication for patho-
genesis. J Virol 68: 6815–6819.
74. Enjuanes L, Almazan F, Sola I, Zuniga S (2006) Biochemical aspects of
coronavirus replication and virus-host interaction. Annu Rev Microbiol 60:
211–230.
75. Auer H, Lyianarachchi S, Newsom D, Klisovic MI, Marcucci G, et al. (2003)
Chipping away at the chip bias: RNA degradation in microarray analysis. Nat
Genet 35: 292–293.
76. Lin RJ, Yu HP, Chang BL, Tang WC, Liao CL, et al. (2009) Distinct antiviral
roles for human 29,59-oligoadenylate synthetase family members against
dengue virus infection. J Immunol 183: 8035–8043.
77. Scherbik SV, Paranjape JM, Stockman BM, Silverman RH, Brinton MA
(2006) RNase L plays a role in the antiviral response to West Nile virus. J Virol
80: 2987–2999.
78. Iordanov MS, Paranjape JM, Zhou A, Wong J, Williams BR, et al. (2000)
Activation of p38 mitogen-activated protein kinase and c-Jun NH(2)-terminal
kinase by double-stranded RNA and encephalomyocarditis virus: involvement
of RNase L, protein kinase R, and alternative pathways. Mol Cell Biol 20:
617–627.
79. Widlak P, Garrard WT (2005) Discovery, regulation, and action of the major
apoptotic nucleases DFF40/CAD and endonuclease G. J Cell Biochem 94:
1078–1087.
80. Lopp A, Kuusksalu A, Samuel K, Kelve M (2000) Expression and activity of 2-
5A synthetase in the course of differentiation and apoptosis of PC12 cells.
Cytokine 12: 737–741.
81. Han JQ, Barton DJ (2002) Activation and evasion of the antiviral 29-59
oligoadenylate synthetase/ribonuclease L pathway by hepatitis C virus mRNA.
RNA 8: 512–525.
82. Silverman RH (2007) Viral encounters with 29,59-oligoadenylate synthetase
and RNase L during the interferon antiviral response. J Virol 81:
12720–12729.
83. Han JQ, Wroblewski G, Xu Z, Silverman RH, Barton DJ (2004) Sensitivity of
hepatitis C virus RNA to the antiviral enzyme ribonuclease L is determined by
a subset of efficient cleavage sites. J Interferon Cytokine Res 24: 664–676.
84. Domingo-Gil E, Esteban M (2006) Role of mitochondria in apoptosis induced
by the 2-5A system and mechanisms involved. Apoptosis 11: 725–738.
85. Su AI, Pezacki JP, Wodicka L, Brideau AD, Supekova L, et al. (2002) Genomic
analysis of the host response to hepatitis C virus infection. Proc Natl Acad Sci
USA 99: 15669–15674.
86. Warke RV, Xhaja K, Martin KJ, Fournier MF, Shaw SK, et al. (2003) Dengue
virus induces novel changes in gene expression of human umbilical vein
endothelial cells. J Virol 77: 11822–11832.
87. Bosworth BT, MacLachlan NJ, Johnston MI (1989) Induction of the 2-5A
system by interferon and transmissible gastroenteritis virus. J Interferon Res 9:
731–739.
88. Schneider RJ, Mohr I (2003) Translation initiation and viral tricks. Trends
Biochem Sci 28: 130–136.
89. Hershey JW (1991) Translational control in mammalian cells. Annu Rev
Biochem 60: 717–755.
90. Brostrom CO, Brostrom MA (1998) Regulation of translational initiation
during cellular responses to stress. Prog Nucleic Acid Res Mol Biol 58: 79–125.
91. Kaufman RJ (1999) Stress signaling from the lumen of the endoplasmic
reticulum: coordination of gene transcriptional and translational controls.
Genes Dev 13: 1211–1233.
92. Proud CG (2005) eIF2 and the control of cell physiology. Semin Cell Dev Biol
16: 3–12.
93. Scheuner D, Patel R, Wang F, Lee K, Kumar K, et al. (2006) Double-stranded
RNA-dependent protein kinase phosphorylation of the alpha-subunit of
eukaryotic translation initiation factor 2 mediates apoptosis. J Biol Chem
281: 21458–21468.
94. Novoa I, Zeng H, Harding HP, Ron D (2001) Feedback inhibition of the
unfolded protein response by GADD34-mediated dephosphorylation of
eIF2alpha. J Cell Biol 153: 1011–1022.
95. Meurs E, Chong K, Galabru J, Thomas NS, Kerr IM, et al. (1990) Molecular
cloning and characterization of the human double-stranded RNA-activated
protein kinase induced by interferon. Cell 62: 379–390.
96. Ireland DD, Stohlman SA, Hinton DR, Kapil P, Silverman RH, et al. (2009)
RNase L mediated protection from virus induced demyelination. PLoS Pathog
5: e1000602.
97. Schroder M, Kaufman RJ (2005) The mammalian unfolded protein response.
Annu Rev Biochem 74: 739–789.
98. Harding HP, Zhang Y, Ron D (1999) Protein translation and folding are
coupled by an endoplasmic-reticulum-resident kinase. Nature 397: 271–274.
99. Shi Y, Vattem KM, Sood R, An J, Liang J, et al. (1998) Identification and
characterization of pancreatic eukaryotic initiation factor 2 alpha-subunit
kinase, PEK, involved in translational control. Mol Cell Biol 18: 7499–7509.
100. Luo S, Baumeister P, Yang S, Abcouwer SF, Lee AS (2003) Induction of
Grp78/BiP by translational block: activation of the Grp78 promoter by ATF4
through and upstream ATF/CRE site independent of the endoplasmic
reticulum stress elements. J Biol Chem 278: 37375–37385.
101. Lee AS (2001) The glucose-regulated proteins: stress induction and clinical
applications. Trends Biochem Sci 26: 504–510.
102. He B, Gross M, Roizman B (1997) The gamma(1)34.5 protein of herpes
simplex virus 1 complexes with protein phosphatase 1alpha to dephosphorylate
the alpha subunit of the eukaryotic translation initiation factor 2 and preclude
the shutoff of protein synthesis by double-stranded RNA-activated protein
kinase. Proc Natl Acad Sci USA 94: 843–848.
103. Cohen PT (2002) Protein phosphatase 1–targeted in many directions. J Cell Sci
115: 241–256.
104. Aggen JB, Nairn AC, Chamberlin R (2000) Regulation of protein phosphatase-
1. Chem Biol 7: R13–23.
105. Gould CM, Diella F, Via A, Puntervoll P, Gemund C, et al. (2010) ELM: the
status of the 2010 eukaryotic linear motif resource. Nucleic Acids Res 38: 1–14.
106. Puntervoll P, Linding R, Gemund C, Chabanis-Davidson S, Mattingsdal M,
et al. (2003) ELM server: A new resource for investigating short functional sites
in modular eukaryotic proteins. Nucleic Acids Res 31: 3625–3630.
107. Hsieh-Wilson LC, Allen PB, Watanabe T, Nairn AC, Greengard P (1999)
Characterization of the neuronal targeting protein spinophilin and its
interactions with protein phosphatase-1. Biochemistry 38: 4365–4373.
108. Schillace RV, Voltz JW, Sim AT, Shenolikar S, Scott JD (2001) Multiple
interactions within the AKAP220 signaling complex contribute to protein
phosphatase 1 regulation. J Biol Chem 276: 12128–12134.
109. Ajuh PM, Browne GJ, Hawkes NA, Cohen PT, Roberts SG, et al. (2000)
Association of a protein phosphatase 1 activity with the human factor C1
(HCF) complex. Nucleic Acids Res 28: 678–686.
110. Kazemi S, Papadopoulou S, Li S, Su Q, Wang S, et al. (2004) Control of alpha
subunit of eukaryotic translation initiation factor 2 (eIF2 alpha) phosphoryla-
tion by the human papillomavirus type 18 E6 oncoprotein: implications for
eIF2 alpha-dependent gene expression and cell death. Mol Cell Biol 24:
3415–3429.
111. Rivera J, Abrams C, Hernaez B, Alcazar A, Escribano JM, et al. (2007) The
MyD116 African swine fever virus homologue interacts with the catalytic
subunit of protein phosphatase 1 and activates its phosphatase activity. J Virol
81: 2923–2929.
112. Brush MH, Weiser DC, Shenolikar S (2003) Growth arrest and DNA damage-
inducible protein GADD34 targets protein phosphatase 1 alpha to the
endoplasmic reticulum and promotes dephosphorylation of the alpha subunit of
eukaryotic translation initiation factor 2. Mol Cell Biol 23: 1292–1303.
113. Novoa I, Zhang Y, Zeng H, Jungreis R, Harding HP, et al. (2003) Stress-
induced gene expression requires programmed recovery from translational
repression. EMBO J 22: 1180–1187.
114. Enjuanes L, Van der Zeijst BAM (1995) Molecular basis of transmissible
gastroenteritis coronavirus epidemiology. In: Siddell SG, ed. The Coronaviridae.
New York: Plenum Press. pp 337–376.
115. Saif LJ, Wesley RD (1992) Transmissible gastroenteritis. In: Leman AD,
Straw BE, Mengeling WL, D’Allaire S, Taylor DJ, eds. Diseases of Swine. 7th
ed. Ames. Iowa: Wolfe Publishing Ltd. pp 362–386.
116. Gantier MP, Williams BR (2007) The response of mammalian cells to double-
stranded RNA. Cytokine Growth Factor Rev 18: 363–371.
117. Silverman RH (1985) Functional analysis of 2-5A-dependent RNase and 2-5a
using 29,59-oligoadenylate-cellulose. Anal Biochem 144: 450–460.
118. Der SD, Yang YL, Weissmann C, Williams BR (1997) A double-stranded
RNA-activated protein kinase-dependent pathway mediating stress-induced
apoptosis. Proc Natl Acad Sci U S A 94: 3279–3283.
119. Zhou A, Paranjape J, Brown TL, Nie H, Naik S, et al. (1997) Interferon action
and apoptosis are defective in mice devoid of 29,59-oligoadenylate-dependent
RNase L. EMBO J 16: 6355–6363.
120. Rusch L, Zhou A, Silverman RH (2000) Caspase-dependent apoptosis by 29,59-
oligoadenylate activation of RNase L is enhanced by IFN-beta. J Interferon
Cytokine Res 20: 1091–1100.
Role of Gene 7 on Host Antiviral Response
PLoS Pathogens | www.plospathogens.org 24 June 2011 | Volume 7 | Issue 6 | e1002090121. Krahling V, Stein DA, Spiegel M, Weber F, Muhlberger E (2009) Severe acute
respiratory syndrome coronavirus triggers apoptosis via protein kinase R but is
resistant to its antiviral activity. J Virol 83: 2298–2309.
122. Kopecky-Bromberg SA, Martinez-Sobrido L, Frieman M, Baric RA, Palese P
(2007) Severe acute respiratory syndrome coronavirus open reading frame
(ORF) 3b, ORF 6, and nucleocapsid proteins function as interferon
antagonists. J Virol 81: 548–557.
123. Wathelet MG, Orr M, Frieman MB, Baric RS (2007) Severe acute respiratory
syndrome coronavirus evades antiviral signaling: role of nsp1 and rational
design of an attenuated strain. J Virol 81: 11620–11633.
124. Garcia-Sastre A, Biron CA (2006) Type 1 interferons and the virus-host
relationship: a lesson in detente. Science 312: 879–882.
125. Bantel H, Schulze-Osthoff K (2003) Apoptosis in hepatitis C virus infection.
Cell Death Differ 10(Suppl 1): S48–S58.
126. Delmas B, Gelfi J, Sjo ¨stro ¨m H, Noren O, Laude H (1993) Further
characterization of aminopeptidase-N as a receptor for coronaviruses. Adv
Exp Med Biol 342: 293–298.
127. McClurkin AW, Norman JO (1966) Studies on transmissible gastroenteritis of
swine. II. Selected characteristics of a cytopathogenic virus common to five
isolates from transmissible gastroenteritis. Can J Comp Med Vet Sci 30:
190–198.
128. Penzes Z, Gonzalez JM, Calvo E, Izeta A, Smerdou C, et al. (2001) Complete
genome sequence of transmissible gastroenteritis coronavirus PUR46-MAD
clone and evolution of the purdue virus cluster. Virus Genes 23: 105–118.
129. Almazan F, Gonzalez JM, Penzes Z, Izeta A, Calvo E, et al. (2000) Engineering
the largest RNA virus genome as an infectious bacterial artificial chromosome.
Proc Natl Acad Sci USA 97: 5516–5521.
130. Jimenez G, Correa I, Melgosa MP, Bullido MJ, Enjuanes L (1986) Critical
epitopes in transmissible gastroenteritis virus neutralization. J Virol 60:
131–139.
131. Zun ˜iga S, Sola I, Alonso S, Enjuanes L (2004) Sequence motifs involved in the
regulation of discontinuous coronavirus subgenomic RNA synthesis. J Virol 78:
980–994.
132. Moreno JL, Zuniga S, Enjuanes L, Sola I (2008) Identification of a coronavirus
transcription enhancer. J Virol 82: 3882–3893.
133. Diaz-Guerra M, Rivas C, Esteban M (1997) Inducible expression of the 2-5A
synthetase/RNase L system results in inhibition of vaccinia virus replication.
Virology 227: 220–228.
134. Sambrook J, Russell DW (2001) Molecular cloning: A laboratory manual. Cold
Spring Harbor, New York: Cold Spring Harbor Laboratory Press.
135. Notredame C, Higgins DG, Heringa J (2000) T-Coffee: A novel method for fast
and accurate multiple sequence alignment. J Mol Biol 302: 205–217.
136. Rost B, Yachdav G, Liu J (2004) The PredictProtein server. Nucleic Acids Res
32: W321–W326.
137. Bendtsen JD, Nielsen H, von Heijne G, Brunak S (2004) Improved prediction
of signal peptides: SignalP 3.0. J Mol Biol 340: 783–795.
138. Blom N, Gammeltoft S, Brunak S (1999) Sequence and structure-based
prediction of eukaryotic protein phosphorylation sites. J Mol Biol 294:
1351–1362.
139. Nakai K, Horton P (1999) PSORT: a program for detecting sorting signals in
proteins and predicting their subcellular localization. Trends Biochem Sci 24:
34–36.
Role of Gene 7 on Host Antiviral Response
PLoS Pathogens | www.plospathogens.org 25 June 2011 | Volume 7 | Issue 6 | e1002090